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ABSTRACT 
The work in this thesis is a physical model study of air slot ramp 
aerators designed to eliminate cavitation in open channel spillway chute flows. 
The experimental work involves the use of a Laser system to measure the 
turbulent flow structure on a spillway, ramp and jet system, and then to relate 
the turbulent flow structure to the rate of air entrainment in the aerator. 
Even though aerator model studies have been carried out for decades, 
this appears to be the first time that turbulence has been measured in detail, 
having regard both to the ability of a ramp to generate turbulence and also to 
the decay of turbulence in the aerator jet downstream of the ramp. 
An expression is found for air entrainment in the models tested at 
Glasgow University. It is also valid for a range of previous prototype 
measurements, and is valid for a range of other previous model studies. The 
result are also translated into a computer program for designing such structures. 
The model used was a rectangular cross- section perspex flume. sloping 
at 45 0 • incorporating a range of ramps at different angles. A range of flow 
depths, flow velocities, and boundary roughness values were tested and the 
measurements were taken by a Laser Doppler Anemometer. 
The results of this work provide a clearer understanding of the 
physical processes which occur in aerator ramp. This includesa clear demonstration 
of the ability of the ramp to generate additional turbulence in the flow, 
increasing turbulence values by about 30% above normal boundary layer values. 
This thesis also shows the link between turbulence generated and air 
entrained into the underside of the nappe. The rate of air entrainment is shown 
to increase with increasing vertical turbulent velocity w', it is shown to decrease 
(ii) 
with distance along jet length, especially for non- dimensional jet lengths 
CUha > 10), and it is shown to decrease with increasing cavity underpressure 
.6h/h. 
The final empirical relationship for air entrainment also includes a 
scale effect term, based on the proposition that a vertical turbulent velocity w' of 
0.3 m/s is required to instigate air entrainment into the underside of such aerator 
jets. 
At the end of the thesis the author propose a new relationship for air 
entrainment at aerators, ~ = C 2 C a (u. - 0.18) L, which appears to be 
accurate to :!: 10% for prototype structures, and ± 20% for model studies data. 
A computer program is presented for steady state flow behaviour 
upstream of an aerator, the jet trajectory, the air supply system and air 
entrainment at the underside of the jet. 
(iii) 
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CHAPTER. 1 
INTRODUCTION TO AIR SWT AERATORS 
1.1 INTRODUCTION. 
1.2 HYDRAULIC STRUCTURES WITH AIR SWT AERATORS. 
1.2.1 Basic Design Principles 
1.2.2 Examples of Aeration Devices 
in Prototype Structures 
1.3 PURPOSE OF RESEARCH. 
1 
Introduction 2 
1.1 INTRODUCTION 
This thesis is a study of aeration devices used in high velocity spillway 
flows to entrain air and minimise the likelihood of cavitation damage to the 
spillway surface. 
The concept is simple and is sketched in Fig 1.1. A ramp, or a slot, 
or a step- down on the spillway channel bed, or a combination of all three, is 
constructed on the channel bed, causing a rectangular jet to form, springing clear 
of the spillway surface as shown. Air from the atmosphere is allowed to enter 
the cavity formed between the jet and spillway surface, and enough turbulence is 
generated in the jet to allow air to be entrained into the underside of the jet. 
Air bubbles entrained, are transported downstream with the flow beyond the point 
of jet re- attachment with the spillway surface. The presence of air bubbles 
downstream, inhibits the process of cavitation damage, probably by gross reduction 
in the sonic velocity of the flow mixture. 
Such devices have been in use for thirty years and in most cases have 
been very successful at reducing cavitation damage. The past decade has witnessed 
an increase in height of dams and in specific flow discharge rate down spillways. 
On many projects there are dam heights in excess of 200 m, with spillway 
discharge per unit width greater than q = 270 m 2/seC. This implies velocities in 
the concrete spillway chute of the order of 50 m/sec with the attendant risk of 
cavitation damage. A world- wide trend to increase unit discharge capabilities, 
combined with long duration operation of the discharge structures, orignally 
planned as emergency devices, are contributing to the problems. Relief is sought 
by aeration of spillway chutes and outlet works. 
Interest in this subject at the University of Glasgow is two- fold. 
i) Dr Ervine has been involved with aeration in general for some years, 
concentrating on beneficial effects of aeration, as in siphon. spillways, but also on 
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harmful effects of aeration, as in blow- backs from dropshaft tunnel junctions. 
Following a visit to United States Bureau of Reclamation ( USBR ) in 1985 and 
1988, Dr Ervine developed an interest in the mechanics of ramp aerators, and in 
particular, the effect of turbulence on the ramp aerator performance. This interest 
was sparked because of the apparently poor performance of an aerator at McPhee 
Dam ( USA ). The rectangular aerator jet formed at McPhee has a large length 
to thickness ratio (Uh), and apparently entrains significantly less air than would 
be expected from such a prototype structure. The relationship between model air 
entrainment and prototype measurement was also of considerable interest. 
ii) The second point of interest comes from the author of this thesis, following 
a two year programme working at Tarbela Dam, Pakistan. Cavitation damage in 
the outlet chutes, necessitated the construction of ramp to provide aeration as 
shown in Fig 1.7. The aeration devices installed have been investigated in field 
measurements at Tarbela, with the design of the devices almost at the opposit 
end of the spectrum compared with McPhee Dam. First, the spillway chute was 
almost horizontal, the aspect ratio (width to jet thickness) was small compared 
with McPhee, the unit discharge ( q = 266 m 2/S ) were among the largest in 
the world, and the length of the aerator jets (Llh) were very short compared 
with McPhee. 
Thus, both experiences of prototype performance outlined above, 
provided the necessary impetus for a more detailed experimental study at 
Glasgow. The results of the study were designed to provide insights into different 
behaviour patterns exhibited by various aerators, to provide data for a computer 
model also developed in this work, and to provide clearer scaling laws from 
model to prototype behaviour. 
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1.2 HYDRAULIC STRUCTURES WITH AIR SLOT AERATORS. 
1.2.1 Basic Design Principles. 
Aeration devices are known as air slot ramps. The purpose of an air 
slot ramp is to introduce air bubbles into the high velocity flow over the 
hydraulic structure to prevent cavitation erosion damage. All that is required is 
some means of getting a sufficient amount of air under the jet. Various design of 
air slots are sketched in Fig 1.2. These represent the main variations possible, 
including an offset, (step down in the channel bed), a deflector or ramp, and a 
groove (or slot), or any combination of all three as shown in Fig 1.2. 
According to practical considerations, aerators should entrain as a large 
quantity of air as possible, so that air concentration is evenly distributed over 
spillway width and along the length of the channel. The aerator should be simple 
and economical in design, and it should also prevent any erosion damage to 
itself. The sudden discontinuity in the lower nappe with the solid surface creates 
an air/water interface along which high velocities entrain air. A groove can be 
added to a ramp and offset in order to improve condition for air entrainment. In 
fact the larger the area under the nappe, the more efficient the entrainment of 
air. Hence the best combination is ramp, offset, and groove as shown in Fig 
1.2(g). 
The efficiency of air supply system depends very much on its ability 
to minimize the sub- atmospheric pressure below the nappe. The lower the head 
loss through the air duct, the more air is entrained and the longer is the aerator 
jet length. Therefore, the air supply system should be designed for minimum head 
loss as shown in Fig 1.3. This graph shows that an aerator device with air vent, 
behaves in a sim1'lar manner to a pump with system loss curve, with the actual 
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behaviour shown where the two curves intersect. At that point a balance is 
reached between the air pumping ability of the jet and the air flow head losses 
through the vent system. 
A range of air vent supply arrangements are shown in Fig 1.4. The 
most common arrangement being Fig l.4(a). In this diagram, air is funnelled into 
a rectangular vent through a bellmouth type inlet. The air flow normally turns 
through a 90 0 smooth radiused bend, to exit in the cavity region under the 
aerator jet. This arrangement is usually built on both sides of the spillway to 
ensure a better distribution of air circulation under the aerator jet. 
The remainder of the likely vent arrangement are shown in Fig 1.4 
(b) to (e) and involve mostly side wall offset and slots to allow air flow to pass 
down the side and under the aerator jet. 
A ramp is usually placed upstream of the aeration groove to prevent 
the groove from filling water. The ramp lifts the lower nappe of the flow prism 
causing the flow to follow a free trajectory. The trajectory taken by water is a 
function of the relative ramp height, the ramp angle, the flow velocity, and the 
pressure under the nappe. Several methods are available to determine the jet 
trajectory which will be discuss in detail in Section 2.5.3. 
The cross sectional area of the air duct must be large enough to 
distribute the entrain air and not decrease the pressure under the nappe 
appreciably. If the drop in pressure becomes too large, sonic velocity will occur 
in the vent. When this occurs, the flow is said to be choked because the air flow 
will not increase as the pressure drops. The pressure ratio at which choking 
occurs is a function of the friction losses in the duct leading to the aeration 
groove. In general, problems with noise generation can be avoided if the pressure 
drop is less than or equal to one- tenth of the pressure fram the critical pressure 
ratio. Further details on air vent design, choice of ramp angle, step heights and 
groove dimensions will be provided in Chapter 2, Section 2.6 
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1.2.2 EXAMPLES OF AERATION DEVICES IN PROTOTYPE STRUCTURES. 
After 1960, various types of aeration devices have been employed in 
spillways and outlet works. The different types are based on grooves, offset, and 
deflectors, or a combination of all three as already discussed. In many cases, 
aeration devices were introduced after erosion damage had occured, while in 
others, they were incorporated in the orignal design. 
First application of the aeration concept seems to have been at the 
outlet conduits at Grand Coulee Dam (1959- 60). As for spillways, early 
references are for a tunnel spillway at Yellowtail Dam in United States, Sirikit in 
Thailand, and Bratsk spillway, a 100m high concrete dam in U.S.S.R. 
(i) Grand Coulee Dam Outlets. 
The Grand Coulee Dam outlets have a tapering cone at the end of a 
steel lined tunnel which reduces the tunnel diameter from 2.59m to 2.36m and 
creates a back pressure upstream. This is shown in Fig 1.5 . The outlet operates 
under heads of 61m to 76m. The concrete trough floor diverges 1 in 20.8 from 
the wall of the cone. According to the Wagner (1967), this abrupt change of 
direction was sufficient to induce extensive cavitation damage, requiring annual 
repairs. Cutting an aeration groove in the concrete as shown in Fig 1.5, was 
sufficent to provide air entrainment and to overcome cavitation problems. This 
was done in 1960, and no further cavitation damage has occured after 12,000 
hours of operation. 
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(ii) Yellowtail Dam Spillway. 
The spillway tunnel of Yellowtail Dam comprises a 55 degree inclined 
reach, followed by a nearly horizontal section which was utilized in diversion 
during construction. The spillway was designed for a maximum discharge capacity 
of 2600 m 3/seC. This is sketched in Fig 1.6. According to Colgate and Jabara 
(1971 ), the maximum velocity at full reservoir level was recorded as 49 rn/sec. 
On June 26th, 1967, the flow was released for the first time from the spillway 
and was varied between June 26th, to July 28th, but never exceeded 510 m 3/seC. 
The observation of abnormal flow conditions at the flip bucket exit on July 14th, 
1967, let to the assumption that some damage had occured in the tunnel. 
Afterward the spillway was operated at low discharges until shut down on July 
28th. 
The tunnel inspection showed that large quantities of the lime stone 
foundation rock have been removed, and other small damage occurred along the 
tunnel length. Major modification of the spillway included the construction of a 
groove in the concrete lining as shown in Fig 1.6. After repairs and modification 
in 1970, a test release of 450 m 3/sec was done over five days. Further inspection 
revealed no evidence of cavitation damage, and it was assumed that the aeration 
groove provided efficient protection. 
(iii) Tarbela dam Proiect. 
Tarbela Dam was constructed on the Upper Indus River of Pakistan in 
the period between 1965 and 1975. The dam is 3049 m long and 137 m high. 
The spillway has a capacity of 45340 m 3/sec at full reservoir level. On the right 
bank there are four tunnels, approximately 1.25 kIn lone. The tunnels are curved 
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in alignment through the rock in the right abutment and during construction 
served as the river diversion works. 
According to Karaki,S Stevens,M.A and Brisbane,T.E (1977), the 
prototype outlet works for tunnel 3 and 4 were field tested as the reservoir filled 
for the first time in 1974. After approximately 2 months of operation, some 
damage occured to the steel liners of radial gate chamber shown in Fig 1.7. 
After scale model studies at Colorado State University an air slot ramp as shown 
in Fig 1.7 and Fig 1.8 was installed on the floor of the chute at the end of 
steel liner. After repairs and installment of three ramps in the outlet works, a 
test was done at full reservoir level as shown in Plate (I) to (V). Plate I and II 
show the air flow measuring procedure at Tarbela in the prototype air vents. 
Plate III shows a pause in prototype testing for inspection of the outlet works for 
cavitation damage. Plate IV and V show the aerators and outlet works in full 
flow. 
(iv) McPhee Dam. 
McPhee is the main storage and regulation reservoir in the Dolores 
Project in southwest Colorado. The Dam is an earthfill structure 82.3m high and 
396m wide at the crest. The chute spillway and stilling basin are located in the 
right abutment of the dam. The chute is 18.3m wide, 303m long and drops 90m 
in elevation from the maximum water surface to the stilling basin. The stilling 
basin is a combined hydraulic jump/flip bucket energy dissipator. At a flow of 
about 425 m 3/S the jump will wash out of the stilling basin and the flow win flip 
into a plunge pool downstream from the basin. Fig 1.9(a) shows the section 
through the spillway. 
According to Frizell and Pugh (1988), the aeration device location was 
determined by the cavitation potential and the geometry of the spillway. The 
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ramp is 0.91m high and 7.8m long. A ramp without a slot in the chute floor 
was chosen since there was adequate freeboard available and a slot would require 
cutting into the chute floor, thus destroying the continuity of the reinforcing steel. 
Fig 1.9(b) shows the configuration of the aeration device. 
The prototype tests consisted of measurements and observations at 
three spillway discharges, 28 m 3/s, 71 m 3/s, and 142 m 3/s. Quantities which were 
measured included air demand through the vents and pressure distribution on the 
downstream side of the ramp beneath the jet. The McPhee Dam aerator has 
large length to thickness ratio (Uh), and apparently entrains significantly less air 
then would be expected from such a prototype structure. This point is under 
consideration during this research program. 
(v) QtMr PrototyPe Aera(or,. 
Throughout this thesis reference is made not only Tarbela and McPhee 
aerators, but also a range of other prototype structures where field measurements 
are well documented. These include .-
(a) Foz-do-Areia aerators which are shown in detail in Fig 1.10. This is 
an open channel chute spillway in Brazil, South America, carrying discharges up 
to 104.8 m 3/s (per unit width), the spillway being 400m long and 70.6m wide. 
Model tests (Pinto 1982) revealed aerators were required at three separate 
locations along the spillway length, the chosen design being a ramp and 
step- down arrangement as shown in Fig 1.10. Each aerator had a slightly 
different design, and prototype field measurements were carried out at each 
aerator. The air vent design is the same principle as McPhee. 
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(b) Emborcacao aerators are shown in Fig 1.11. The chute spillway has a 
total width of 58.5m being split in two by central wall, and carrying a total 
maximum discharge of 48.3 m 3/S (per unit width). Aerators were required at two 
locations A and B as shown in Fig 1.11, the basic design composed of a ramp 
of slope ell = 118 and 117.5. Air enters by side vents and flows into a deep 
groove, approximately 3m deep as shown. The air flow then passes through a 
narrower construction 500mm wide before being entrained into underside of the 
jet. 
(c) Colbun aerators are shown in Fig 1.12. This is an open channel 
spillway of width varying from 50m to 71.1m, discharge up to 54.7 m 3/S (per 
unit width), and slopes varying from 1 % to 51 %. Two aeration ducts were 
required on the steep 51% slope, the design again composed of a ramp, 
step- down inthe channel bed together with side rectangular air vents. Prototype 
measurements were carried out at both vents. 
(d) The Amaluza aerator duct is shown in Fig 1.13. The basic design is 
a concrete Ogee overflow, at bed slope 66.8 0 and carrying a design discgarge of 
18.4 m 3/S (per unit width). An aerator duct (or slot) was cut in the concrete 
surface, approximately 2m x 2.1m, with a small ramp or nappe deflector as 
shown. 
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1.3 PURPOSE OF RESEARCH. 
The ten major aims of this research were as follows:-
(i) To carry out a Physical model study of an air slot ramp aerator. 
(ii) To vary key parameters such as ramp angle <2>, spillway boundary roughness 
ks, depth of spillway flow h, velocity of spillway flow it and underpressure under 
the aerator jet (6p). 
(iii) To use Laser Doppler Velocimetry to measure the turbulent flow structure 
at an aerator device over the range of parameters mentioned in (ii). 
(iv) To measure the air entrainment rate (Oa) and the resulting aerator jet 
length (L) for the range of parameters mentioned in (ii). 
(v) Having obtain a significant volume of experimental data, the first priority 
was to establish a link between the turbulent flow structure and the rate of air 
entrainment. 
(vi) To compare experimental findings, especially the link between turbulence 
and air entrainment, to the performance of McPhee Dam (USA), Tarbela Dam 
(Pakistan), and other prototype aerators such as outlined in section 1.2. 
(vii) To compare experimental findings with other physical scale model studies 
and to provide a new scaling law for air slot devices. 
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(viii) To carry out a more fundamental study of how jets behave in the 
atmosphere. 
(ix) To write computer program for steady- state flows in chute spillways, 
incorporating an air slot ramp, jet trajectory calculations, simulation of air intake 
structure, underpressure under the jet, effect of turbulence on aerator jet 
behaviour and the amount of air entrained. 
(x) To provide design guidelines for future aerators in the light of research 
findings. 
It should be noted that one key area of aerator research was not 
attempted because of time constraints. That was, the behaviour of entrained air 
downstream of the aerator device, including diffusion- advection of the air bubbles 
in the flow, the decrease in air concentration near the solid boundary downstream 
of a device, and what distance apart to place such devices. 
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2.1 INTRODUCTION 
Various flow phenomena associated with an air slot aerator are 
sketched in Fig 2.1. The effectiveness of such a device in eliminating cavitation 
damage is dependent on how much turbulence can be generated in the jet .., how 
much air can be entrained into the underside of the jet and how much air can 
be kept in the region of the spillway solid boundries. The behaviour in Fig 2.1 
represents a complex interplay between open channel flow turbulence structure, 
cavitation phenomena, jet behaviour in the atmosphere, air entrainment into jets 
as well as diffusion of air bubbles downstream. As well, there is a balance 
between the air pumping mechanism into the jet and the air vent losses 
(described in Chapter 1), producing an underpressure under the jet, which has 
the effect of shortening the jet length to the impact point and hence entraining 
less air. 
This Chapter is not exactly a literature review. It is not intended as a 
review of every piece of research carried out in the field of aerators. It is more 
a series of five short essays, with each essay corresponding to a major flow 
phenomenon connected with the design of air slot aerators. The opening essays 
on turbulence and cavitation lead on to essays on the more practical aspects of 
jet behaviour in the atmosphere and aeration into jets, finally leading to an essay 
on the numerous model studies which have been done in the air slot research 
area. 
It is hoped that by pulling together various strands of knowledge 
relating to this area, that a more fundamental understanding of aerators will be 
achieved, rather than simply reporting past modelling efforts. 
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2.2 TU RBU LENCE 
2.2.1 Introduction. 
The ordinary dictionary definition of turbulence as a state or condition 
of being violently disturbed is much too inclusive for use in technical 
considerations of this more common type of fluid motion. Perhaps the most 
generally accepted technical defination is one which Von.Karman (1936) quoted 
from Taylor G.1. II Turbulence is an irregular motion which in general makes its 
appearance in fluids, gaseous or liquid, when they flow past solid surfaces or even 
when neighbouring streams of the same fluid flow past or over one another." An 
essential feature of turbulence is the fact that the motion is random. It is 
continuous, however, in the sense that for very short time intervals there is a 
distinct correlation between velocity measured at a point and that measured at the 
same point a short time interval later or before. This feature is apparent in the 
velocity versus time plot in Fig 2.2. The lack of periodicity or the randomness is 
essential. Thus, vortex motions are not included in the technical definition of 
turbulence, although they are often be origin of turbulence. This is inspite of the 
fact that, qualitatively, turbulence is described as a hierarchy of eddies moving 
along with the mean motion. 
Turbulent flows may be classified according to their homogeneity and 
isotropy as well as by the manner in which they occur. Even though some of the 
relevant terms have not, as yet, been defined here, its seems appropriate to 
introduce at this point such classifications of turbulent flows. Turbulence is defined 
as homogeneous when its scale and intensity are independent of co- ordinate 
position. It is further defined as being isotropic when these characteristic are 
independent of direction, thus the intensity of the turbulence fluctuations are same 
in all directions. 
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A useful way to consider the origin of turbulence, is to consider the 
transition between laminar and turbulent flows. Laminar pipe flow becomes 
turbulent at Reynolds number ( based on mean velocity and diameter u Df" ) in 
the neighbourhood of 2000, unless great care is taken to avoid creating small 
disturbances that might trigger transition from laminar to turbulent flow. Early 
stages of transition can easily be seen in the smoke rising from a cigaratte. The 
turbulence can not maintain itself but depends on its environment to obtain 
energy. A common source of energy for turbulent velocity fluctuations is shear in 
the mean flow usually caused by flow over a solid boundary. If turbulence arises 
in an environment where there is no shear or maintenance mechanism, it decays. 
When the Reynolds Number decreases and the flow tends to become laminar 
again. Mathematically, the details of transition from laminar to turbulent flow are 
rather poorly understood. Much of the theory of instabilities in laminar flow is 
linearized theory and valid for very small disturbance. It cannot deal with large 
fluctuations in turbulent flow. On the other hand, almost all the theory of 
turbulent flow is asymptotic theory, fairly accurate at very high Reynolds number 
but inaccurate and incomplete, for Reynolds number at which the turbulence 
cannot maintain itself. A note worthy exception is the theory of the late stage of 
decay of wind tunnel turbulence by Batchelor (1959). 
2.2.2 Length and velocity scales in turbulence. 
One of the feature of turbulent flow is velocity fluctuations. The 
passage of successive turbulent eddies past a point in the flow will produce 
velocity fluctuations, in a given direction, as sketched in Fig. 2.2(a). The velocity 
at a given point will vary randomly with time. Reynolds (1894) inaugurated a 
statistical approach to analyse the random nature of the turbulent motions. This 
assumes that the flow can be divided into temporal mean and turbulent parts, 
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thus the velocity component in the mean flow or x direction is written 
u-u+u 
where u = turbulent velocity fluctuation part. 
u = mean velocity of flow. 
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(2.1) 
The distribution of velocity fluctuation magnitudes has been found 
experimentally to follow the Gaussian or normal error curve closely. This is 
shown in Fig. 2.2(b). Since the standard deviation of such a distribution 
represents a suitable statistical measure, it is sometimes used in the 
definition of turbulence intensity. The root- mean- square (RMS) value of the 
turbulent velocity fluctuations (u') is given by : 
u' - (2.2) 
where n = number of points 
The ratio of this value to the mean flow velocity (Le. the relative intensity), is 
termed the intensity (Tu) : 
Tu - u'l u (2.3) 
where u' = turbulent velocity fluctuations. 
The fluctuating components are considered to vary differently in all 
three orthogonal directions as shown in Fig. 2.2(c). The RMS value is u' in the 
(x) direction, v' in the lateral (y) direction and w' in the vertical (z) direction. 
When the turbulence is not isotropic, the mean value of all three 
components may be used, if they have been measured, as more appropriate to 
define the turbulence intensity. 
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Thus the three dimensional relative turbulence intensity becomes, 
J[(U '2 + v' 2 + w' 2)/3] 
Tu - (2.4) 
-u 
The source of the energy varies from flow to flow. In the case of 
jet flow it is the initial kinetic energy of the fluid. Whatever the source, the 
energy extraction can be ascribed to an interaction between the mean flow and 
large, fairly well- ordered elements of the turbulence. The smallest motions of 
the turbulence, with the largest shearing stresses, are responsible for the 
dissipation of turbulence energy and energy transfers within the turbulent flow are 
conceived to be a cascade of energy from the largest, energy- extracting scales of 
motion to the smallest, dissipating scales. 
In isotropic turbulence where the mean square of the three fluctuation 
velocities to be equal to each other i.e u' = v' = w'. The source of energy in 
an open channel flow is the initial kinetic energy of the fluid. The kinetic energy 
per unit mass is given by: 
(2.5) 
or 
(2.6) 
for isotropic turbulence 
3 (u' 2) 
(2.7) 
2 
There are usually three size of eddies available in a flow. The large 
eddies (which are relatively long lived) contain perhaps as much as 200A> of the 
total kinetic energy. Medium size eddies make the main contribution to the 
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kinetic energy they are commonly called the " energy containing " eddies and 
their characteristic size is denoted by .ee. Small eddies are of particular 
importance energetically, in that dissipation by viscous effects increases as the size 
of eddies diminishes. While the total energy of small eddies is not very great, 
they are continually being re- energized by momentum transfer from large eddies. 
One of the features of well- developed turbulence is the hierarchy of 
scales, known as eddy length scales, with a transfer of kinetic energy from the 
largest to the smallest. The scale of the largest eddy motion may occupy the 
full depth of an open channel flow or half the diameter of a pipe flow. The 
scale of the smallest eddy motions, known as the Kolmogoroff micro scale, may 
involve tiny distances a fraction of a millimetre in diameter. At this end of the 
eddy length scale spectrum, turbulent energy is transferred to heat. An example 
of the variation of turbulent energy in each length scale is shown in Fig. 2.3(a) 
with energy transferred down the length scales, dissipation by viscosity and finally 
transfer into heat. The large variation in turbulent eddy lengths prompted 
Prandtl (1925) to devise a characteristic eddy length .e, which is akin to the mean 
free distance travelled by a lump of fluid before being embedded in an adjacent 
lump of fluid. In engineering type flows the eddy length is considered to vary in 
size linearly from a solid boundary. Davies (1972) shown that the eddy length .e, 
in pipe flow not far from the solid boundary is as; 
0.4 Y (2.8) 
where y = distance from solid boundary. 
In an open channel the medium size eddy length .ee varies with the turbulent 
velocity u' as; 
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(2.9) 
where Ek = input kinectic energy 
Ek = 3(u' 2)/2. for isotropic turbulence. 
thus, 
~e ~ 2(u' )/3 (2.10) 
2.2.3 Turbulence in 0 pen channel flows. 
Most of the work in this thesis is concerned with flow along and open 
channel spillway, a ramp and then a high velocity jet. It is important to have an 
appreciation of the nature of open channel flow turbulent structure. 
To provide a realistic background for analysis of channel flows, 
consider the general features to be expected in turbulence near a fixed wall. The 
constraints applied by the wall influence the flow in opposing ways. The necessity 
that the tangential velocity drop to zero, coupled with the action of the 
turbulence, generates a very high velocity gradient. This provides a large direct 
dissipation and leads to further dissipation through the generation of turbulence. 
However, the requirement that the velocity vanish at the wall has a contrary 
effect: by suppressing turbulent activity very near the surface, it limits the 
extraction of energy from the mean flow. As the consequence of the mixed 
effects of the wall constraints, the turbulence structure varies profoundly across 
the channel. The most rapid changes occur very near the wall, the intensity 
reaches a peak and then falls away. 
The Fig 2.4 indicates the several regions which can be distinguished in 
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a channel flow. The particular case considered is flow in round pipe, where the 
major changes are confined to the outer fifteen percent of the pipe radius. The 
pattern is similar for open channel flow an exaggerated scale has been used for 
the region very near the wall. In reality, region 1 and region 2 occupy only a 
very small fraction of the radius: for Re = 1 x 10 5, for example, y,lR ==: 0.001 
and y iR ==: 0.01. Despite their small extent, these inner layers influence the 
entire flow, since a significant fraction of the velocity variation occurs within 
them. Considering the regions as shown in Fig 2.4 
1). The Viscous sublayer. Here the effective shear stress generated by turbulent 
mixing, Tt = puv is negligible, since v ==: 0.0. The variation in the mean velocity 
is determined by molecular viscosity, and is nearly linear, as in laminar flow. 
This region is also called the linear sublayer or laminar sublayer. 
2). The Buffer layer. In this region the viscous and mixing stresses are of 
comparable magnitude. It is sometimes called the transition region, an appropriate 
description of its function. 
3). The Fully turbulent layer. Here the flow is still dominated by the wall, but 
the turbulence develop sufficiently to render the viscous stress negligible. It also 
called the logarithmic layer because the mean velocity varies nearly logarithmically 
in this region. 
4). The turbulent Core. In fully developed flow this is wholly turbulent but, 
unlike logarithmic layer, it is influenced by the constraints of the entire periphery 
of the pipe. 
These four regions can be grouped in several ways. Region 1 and 2 
comprise the viscous layer, the region in which molecular viscosity has a 
significant role in the generation of friction and in the extraction of energy from 
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the mean flow. A viscous layer of the kind described here will exist only when 
the wall roughness is small compared to the thickness of the layer; in practice, 
this description remains valid so long as the roughness elements do not project 
into the buffer region. Another significant grouping is the fully turbulent flow 
made up of regions 3 and 4. Here the largest scale of motion are independent of 
viscosity; they are responsible for friction generation and turbulence production, 
but not for dissipation, which take place in the smallest scales. 
Having deduced some of the features to be expected, now consider the 
experimental results for pipe flow, based in measurements made by Laufer (1954). 
Fig 2.S(a) shows that how mean velocity u and the component intensities u', v' 
and w' vary between pipe wall and axis. The central part of the pipe and the 
thin wall layer are considered separately. For the former, the velocities are 
rendered dimensionless using Uc the maximum velocity at the centre of the pipe. 
In Fig 2.5(b), which relates to the layer where y/R < 0.01 , the coordinates have 
been scaled in a less obvious way. It is argued that the wall stress TW and fluid 
viscosity JL and density p determine the flow in this region. From these 
quantities we can form the velocity and length scales can be form as: 
and Yf (2.11) 
p 
The first of these is called the friction velocity, or sometime the shear velocity. 
but its real significance is as a measure of the wall shear stress. If the postulate 
that T W ' JL and p determine the wall layer flow is correct, the use of these 
scales will reduce all wall layers to the same form. Note that Yf decreases as the 
stress increases; thus the viscous layer becomes thinner as the flow velocity and 
wall stress rise. 
In Fig 2.5(b) shows that the axial intensity u' is the largest over the 
entire flow. Its peak value is attained surprisingly near the wall, at y/Yt := 15, 
which will shortly be seen to be well within the viscous layer. 
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On the basis of a phenomenological consideration Nezu (1986) 
proposed u'/u* and w'/u* as the universal functions in an open channel flow in 
the equilibrium region in which the turbulent energy production is approximately 
balance with the viscous dissipation. 
u' 
w' 
-c, z/h 
K, e 
-c 2 z/h 
K2 e 
where zlh is the non- dimensional open channel flow depth. 
(2.12) 
(2.13) 
In these equations Kl' K 2 • c, and c 2 are emperical constants. Nezu 
and Rodi (1986) found out experimentally the values of these constants as follows; 
K, = 2.26 
K2 = 1.23 
c, = 0.88 
c 2 = 0.67 
by subsituting these values 
u ' 
w' 
-0.88 z/h 
2.26 e 
-0.67 z/h 
1.23 e 
(2.14) 
(2.15) 
The variation of u'/u* and w'/u* is not linear with the depth of flow. 
This phenomenon could be easily understood by considering the Prandtl Mixing 
length theory. A German engineer Ludwing Prandtl (1925) introduced the concept 
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of mixing length that is, the average distance .e perpendicular to mean flow 
direction, in which a small particle moves from a faster layer to an adjacent 
slower layer and thus loses its extra momentum taking on the mean velocity of 
its surroundings. The idea is similar to the mean free path in molecular theory. 
In practice the particle does not move a distance .e and suddenly 
changes its momentum, but loss of its momentum is gradual. But on the 
assumption that the change in velocity ou of the particle in moving distance .e in 
the z direction is .e (ou/oz) and the average shear stress is 
"xz - p u'w' (2.16) 
If the coefficient of proportionality being a number is absorbed into 
the .e term, then; 
p .e 2 [(ou/oz)(ou/oz)] (2.17) 
T. Von Karman (1930) introduced his so called "Similarity" hypothesis as: 
(2.18) 
His analysis implies that .e is the ratio of the first to the second 
derivatives of mean velocity, where K was thought to be universal constant of 
0.4, but in open channel with large Reynolds Number this relation is true for 
only h = 0 to h = 0.1 z as shown in Fig 2.3(b). Beyond h = 0.1 z, .e 
increases less rapidly, to a limit of about 0.088 z near the surface of flow. This 
is not to say that there are no larger or smaller eddies here: it means only that 
.e as defined in Equation (2.17) has this value, which is not intuitively 
unreasonable. At values of Reynolds number higher than 10 5, the curve remain 
the same as Re = 10 5 as shown in Fig 2.3(b). 
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2.2.4 Role of Surface irregularities. 
In order to understand the role of roughness in the turbulent flow, 
consider the velocity distribution across the channel. The experimental trends as 
shown in Fig 2.6, shows that wall friction depends strongly on the roughness of 
the wall; indeed, for high Reynolds Numbers the friction is often determined the 
roughness alone. The factors effecting velocity in different cores are; 
a). u S Tw,p,p,k,y (2.19) 
for the whole constant- stress layer, with k a length scale for the roughness 
elements; 
b). du/dy S Tw'p,y (2.20) 
for fully turbulent part of the constant- stress layer; and 
(2.21) 
for the turbulent core. 
Thus, so far as the fully turbulent part of the flow is concerned, the roughness 
merely alters the "slip" near the wall. A dimensionally homogeneous equation of 
the velocity with in the wall layer follows from Equation (2.19) 
u 
- f 
y 
Yf 
k 
Yf 
(2.22) 
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for fully turbulent part, Equation (2.20) gives; 
- A (2.23) 
Y! d(y/y!) 
where A = 11K , A and K specify the rate at which turbulent mixing develops 
at point progressively further from the wall. Integrating Eq (2.23) gives; 
U Y k 
- A In + ! - (2.24) 
Yf Yf 
the form of the additional function being detected by Eq (2.22). This result may 
equally well be written as; 
U Y k 
- A In + g (2.25) 
\10k k Yf 
The two roughness- characterizing functions are related by; 
k k k 
! + A In - - g (2.26) 
Y! Y! Y! 
In these generalizations of the smooth- wall logarithmic formulae the slip velocity 
across the viscous region is expressed as a function of the roughness. The general 
expression could be written as: 
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u Y 
- A In + B (2.27) 
Yf 
Reynolds (1974) next consider the behaviour of the linked functions 
f{klYf) and g{klYf)' The parameter klYf will increase when the scale of the 
roughness increases, or when the Reynolds Number rises with a corresponding 
decrease in Yf. 
1). klYf -+ O. for an effectively smooth wall, the results are as; 
k 
f ~ B (2.28) 
Yf 
where B the smooth wall constant. 
2). kin ~ <Xl • for many forms of roughness, the friction become independent of 
viscosity in these circumtances, the wall being described as fully rough. 
Concentrating on sand grain roughness which is often used as a 
standard, we see that it has little effect on the turbulent part of the flow as 
shown in Fig 2.7 ( or on friction) when 
< 4 (2.29) 
Yf 
Limits of the same order exists for the roughness types. When these conditions 
are satisfied, the flow and surface are said to be hydraulically or aerodynamically 
smooth. Experimental results as shown in Fig 2.7 by Reynolds suggest that 
> 60 (2.30) 
Yf 
defines fully rough conditions. Looking at the effect of roughness more 
realistically, Reynolds realize that the drag of most roughness elements will have 
both viscous and inertial contributions. The effects on the flow are mixed: the 
roughness acts to entrain turbulent fluid and to promote turbulence near the 
surface; on the other hand, it carries the local effects of viscosity into the I 
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on the surface of the protrusions. Ultimately, the inertial effect usually become 
dominated for the drag and for the outer flow. 
2.2.5 Turbulence in atmospheric jets. 
Having left the spillway ramp the high velocity flow in an aerator 
becomes a jet temporarily, until it reattaches with the spillway. The pressure on 
the upper side of the jet is atmospheric and the lower side is slightly sub 
atmospheric. 
An important difference exists between jets in atmosphere and high 
velocity jets in a chute. For the jets in atmosphere, (ignoring resistance) the 
velocity gradient across the jet becomes negligible. As turbulence is generated by 
a velocity gradient, therefore no new turbulence will be generated in an 
atmospheric jet, and it will contain primarily decaying turbulence. Smaller eddies 
which existed in the flow will decay due to viscosity and also by the surface 
tension " skin " of the jet. No new smaller eddies will form. This means that 
eddy lengths will tend to become more uniform across a jet cross section and 
also, eddy lengths will become larger in the downstream direction due to gradual 
decay of smaller eddies. This further implies that as the largest eddy length 
contain less turbulent energy then at some distance downstream in the jet, the 
eddies will become too large and have too little energy to entrain air bubbles; 
which means that maximum air entrainment will occur near the start of the jet 
travel in the atmosphere. Thus air slot ramps which correlate quantities of air 
entrained linearly with jet length from the edge of the ramp, cannot be strictly 
accurate. Davies (1972) also showed that jet eddy lengths varies in the down 
stream direction (L) in the form: 
~' J( ( L )i (2.31) 
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where L = jet length downstream from turbulence source 
K = a constant 
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Such a phenomenon has significant implications for the turbulent 
energy spectrum as sketched in Fig 2.8, with significantly less turbulent energy in 
the micro length scales. 
At the point of entry into the atmosphere the jet will contain some 
turbulence which will be more pronounced at the edges compared with the 
centre. Turbulence in the jet will immediately acts on surface tension of the jet 
to cause disturbance which grow in size in the axial direction. The internal fluid 
turbulence also spread rapidly towards the jet centre line. Because there is no 
turbulence generated along the jet length then existing turbulence after 
redistribution will be dissipated in the usual way of energy transfer down the eddy 
length scale. A graph showing growth of surface disturbances in the axial 
direction is shown from Davies (1972) in Fig 2.9. 
The influence of air resistance at higher velocities magnifies the growth 
of jet surface disturbances. This is also true for the total trajectory length of 
the jet, as shown in Fig 2.10 from Novak (1984), indicating the physical 
reduction in jet trajectory due to air resistance. In the figure, considering flow 
leaving a flip bucket, it can be seen that the effect of air resistance is small 
whenever the exit velocity (u 0) is less than about 20 mIs, but as the velocity 
increases to 40 mls the throw distance could be reduced by as much as 30% 
from the value given by projectile theory. 
2.2.6 Turbulent Di (fusion. 
After the jump the spillway jet reattaches with the spillway bed and 
again become an aerated flow in an open channel. To estimate its mean air 
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concentration and transport process of air bubble downstream of aerator consider 
the turbulent diffusion and dispersion. 
The transport process of turbulence in the downstream direction of a 
spillway chute is known as turbulent diffusion and dispersion. The two terms of 
turbulent diffusion and dispersion refer to the random scattering of particles in a 
flow by turbulent motion and scattering of particles by the combined effect of 
shear and transverse turbulent diffusion. 
The complex mechansim of air entrainment is outlined in section 2.5.3 
for the underside of a jet in steep chutes. Air bubbles, once entrained into the 
flow are diffused into the depth of the flow by turbulence, transfering momentum 
from faster layers to slower and air bubble from high concentration areas to 
lower. Bubbles are resisted in this process by the combination of an increasing 
pressure with depth as well as the natural buoyancy of the air bubbles. An 
equilibrium condition is considered to be set- up some distance downstream from 
the plunge point. At eqUilibrium condition the distribution of air bubble 
concentration with depth usually takes the form of an error function, erf y, given 
by; 
2 1: dy (2.32) erf y 
This will be discussed in more detail below. 
Before the variation of air concentration with depth can be 
determined, it is useful to obtain estimates of the mean air concentration C, or 
alternatively the mean ratio of air flow to water flow, (3. The two are related by 
c fJ / ( 1+ (3 ) (2.33) 
where (3 = air entrainment ratio (Qa/qw) 
And by dimensional analysis the mean air concentration should be related to the 
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parameters, 
(3, c f ( Fr, Re, We, k/h, 8, Pa/Pw ) (2.34) 
where Fr = Froude Number u/[gh] ~ 
We = Weber Number u/[olph]~ 
Re = Renolds Number uD/ J) 
klh = relative roughness 
8 = bed slope 
-
According to Haindl (1984) the simplest models for the mean air/water ratio (3 in 
a cross section in spillway chute flow are given in the form, 
(3 K Fr2 (2.35) 
(3 - K ( u 2/gR ) (2.36) 
where R is the hydraulic radius of the flow and K varies from 0.00355 to 0.0104 
depending on the bed roughness. This realtionship has been modified by Yevjevich 
and Levin (1953) into the form, 
0.175 Fr2 '" Q (2.37) 
where '" is a bed friction coefficient ( n.lg I R 1 / 6) (n = Mannings "n" value) 
and Q a coriolis coefficient for aerated flow. As a rough guide it can be taken as 
unity. 
Rao and Gangadharaiah (1971) produced a simple relationship for the 
mean air concentration in the form, 
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1 
( 1 - c ) 
(K Fr 3/ 2 + 1) 
(2.38) 
which corresponds to ~ = K Fr 3/2. In this case, the Froude Number is defined 
as the non aerated Froude Number of the spillway flow, ul./gh, and the value of 
K varied from 0.012 to 0.024 depending on the roughness at the channel bed 
floor. For smooth channels K :.: 0.012 and for rougher channels K :.: 0.024. 
Further work revealed the value of K to vary linearly with Mannings n value, 
K 1.35 n (2.39) 
Falvey (1979) proposed a relationship for the mean air concentration taking into 
account the influence of surface tension ( Weber Number ), and by assuming the 
turbulent stresses to scale with Froude Number. He proposed, 
(sin8)i We 
c 0.05 Fr (2.40) 
63 Fr 
where Fr = u/[gh] ~ for unaerated flow 
8 = spill wa y bed slope 
and We = u/[ al ph] ~ for unaerated flow. 
Falvey limited the use of Eq (2.39) to values of c less than 0.6. 
After estimating the mean air concentration in the flow, we may now 
consider the variation of air concentration with depth. An air bubble in a 
turbulent spillway chute flow will have four main forces acting on it, namely 
inertial, drag, buoyancy and turbulent eddy transport forces. Consider an example 
sketched below in high velocity flows that inertial and drag forces are in balance, 
then the net rate of air bubble transport towards the wall will depend on the net 
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balance between turbulence transport force and the buoyancy force (fb cos 8). 
In effect it is more suitable to carry out the analysis considering the 
fluid as a pseudo- fluid of variable density p(y) or variable air concentration c(y) . 
Thus the net transfer of momentum per unit area is given by; 
T P E dujdy (2.41) 
where T = shear stress 
f = eddy diffusity 
For the parallel case with air bubble concentration in the pseudo- fluid, 
T P E dcjdy (2.42) 
or in terms of volumetric turbulent transport per unit area 
Tjp f dcjdy (2.43) 
Literature Review 52 
For an equilibrium condition to exist, the downward volumetric transport rate per 
unit area should be balanced by the upward transport rate per unit area 
generated by bubble buoyancy, normal to the plane of flow. 
c Vbr cos S (2.44) 
where 8 is bed slope and Vbr is the velocity term characterising the bubble rise 
velocity in a turbulent flow. 
At a point of balance, 
E dc/dy c Vbr cos S 
This has been expressed in terms of pseudo- density in the form; 
- E 
d 
dy 
[ Pw(1-c)] Pw(l-c) Vbr cosS 
(2.45) 
(2.46) 
where density p(y) replaces concentration c(y), and pwC1-c), where Pw is 
unaerated water density. 
Wood (1983) produced same relationship as equation 2.46 for the 
variation of air concentration with depth. It was based on the conservation 
equation in the equilibrium flow regime, 
-E d/dy [Pw(l-c)] pw(l-c) Vbr cosS (2.47) 
where € is the vertical eddy diffusivity (estimated by a constant value in the 
case), and Vbr the equivalent for air bubbles of the fall velocity of sand grain in 
sediment studies, 
Wood approximated Vbr to, 
Literature Review 53 
(2.46) 
Y90 - Y (where c - 90~) (2.49) 
Substitution of Eq (2.47) into Eq (2.48) revealed the variation of air bubble 
concentration with depth to be, 
C 2 (3 + e-,),cos8 y' 
(2.50) 
where (3 and "Yare constant of integration and y' is the normalized depth y/yc 9 o. 
Wood outlines a method for solving Eq (2.49) by solving the empirical constants 
(3 and "Y and determining the values of c at any depth from a knowledge of the 
mean air concentration c. 
2.3 CAVITATION IN TURBULENT FLOW. 
2.3.1 Introduction. 
A brief description of cavitation phenomena below is based on 
information contained in a comprehensive textbook by Knapp et al (1970) and 
surveys produced by different researchers such as Falvey (1990). 
Cavitation is the name for a change of phase in water from liquid to 
vapour by the formation of small voids. If the voids are filled with water vapour 
than it is known as vaporous cavitation, or if the voids are filled with gases 
coming out of the solution then the process is called gaseous cavitation. Vaporous 
cavitation happens when the pressure locally is reduced to the vapour pressure of 
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water, which at 15 0C to 20 0C is around 2Kpa or 0.2 m head of water absolute. 
An understanding of the cavitation process can be obtained by examining the 
process of boiling. When water is heated the temprature increases which result in 
increase in its vapour pressure. When the vapour pressure equals the local 
pressure, boiling will occur. At the boiling point, water is changed into water 
vapour. This change first occurs at localized points within the water and it is 
observed as small bubbles. The temprature at which boiling occurs is a function 
of pressure. As pressure decreases, boiling will occur at lower and lower 
tempratures. Since the pressure is a function of elevation, boiling occurs at lower 
tempratures at higher elevations as shown in Fig 2.11. 
The irregularities on the spillway surface will, in a high speed flow, 
cause small areas of flow separation where the pressure will be lowered locally. If 
the velocities are high enough the pressure may fall to below local vapour 
pressure of the water and vapour bubble will form. When these are carried 
downstream into high pressure region the bubble collapses, giving rise to high 
pressure pulses known as cavitation. Three main types of cavitation are, travelling 
cavitation, fixed cavitation, and vortex cavitation. In travelling cavitation the 
cavities form in area of low pressure, and travel with the flow and collapse in 
the region of high pressure. In fixed cavitation the flow separates from the body 
and forms a quasi- steady cavity attached to the boundary, and in vortex 
cavitation the caviticsform in the core of fast rotating eddies. 
The mechanism is still not fully understood, but is illustrated 
schematically below(overleaf). At the point of separation in the high velocity flow, 
eddies and vortices form with low pressure cores, with local pressures reaching as 
low as vapour pressure (-10m gauge). 
When the cavitation bubbles move to an area of higher pressure they 
begin to collapse. The voids represent small pockets of great potential energy 
which, when they collapse near a solid boundary, water cannot enter the void as 
easily from the boundary side as from the other side. Therefore the collapse is 
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not symmetric, so water entering from one side forms a micro jet of such 
intensity that it can cause damage to stainless steel. 
Voids form in 
Vortex Core 
Seperation Region 
Cavitation Voids 
Entering higher 
pressure region Asymetrical Impinging 
micro Jet ([jfj) Collapse • • • • • •• (f'J)t'J')) \I.I.LJI - - --.. ~.Jll,@ 
M<::&C>!M> »h>74 "c c < < < ... >>>>4> ,<:<;c< .... ;v-...,,;;;;;oe> c«<:C < »>.>.> ..... ,;., c<..s:<.. 
Numerical analyses and high speed photographs have shown that the 
cavity bubble collapse has similar characteristics to water hammer phenomena. 
The resulting dynamic pressures on the wall being similar in magnitude to water 
hammer pressures, and the micro jet velocities being of the order of 100 to 1000 
m/s. The micro jet velocity impinging on the solid boundary (V) is closely related 
to sonic velocity C, 
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therefore, 
voce oc ./ Kip (2.51) 
where K = c.p. vI c.v (Bulk Modulus) 
c.p = difference in pressure 
c.v = difference in volumes 
v = original volume 
p = density of fluid 
One percent by volume of air injection reduces cavitation damage 
dramatically in a similar relation to the reduction in the velocity of sound. An air 
injection of 7% near the solid boundary removes the risk of cavitation 
completely. This is the rationale for air slot aerators to be discussed below. 
Consider the application of Bernoulli between two points in a flow as 
shown in Fig 2.12 
(2.52) 
where P, = instantaneous static pressure 
Po = absolute static pressure 
p = density of the liquid 
Vo = local velocity of fluid 
If the absolute pressure falls below a critical value of vapour pressure 
Pv the flow will rapidly form cavities. An important requirement for dynamic 
similarity between different tests in the cavitation index of the flow defined as: 
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(1 
( Po - Pv ) 
V 2 o 
where Pv is the vapour pressure of the liquid. 
The cavitation index can also be written in terms of a head, 
(1 
Hatm + Hgauge - Hv 
Vo 2/2g 
57 
(2.53) 
(2.54) 
For open channel flow in a straight spillway, Hgauge is simply the static water 
head ( h cosO ). On curved boundaries, centrifugal pressure Hr (-:: h VO/5 R.) 
should also be included, where R is the radius of curvature, the + ve sign for a 
concave slope, and - ve for a convex slope. 
Hatm + HStatic + Hr - Hv 
(1 (2.55) 
The incipient cavitation index <1i is the value of <1 below which 
cavitation will occur in any particular geometry. The U.S.B.R has published some 
values of incipient cavitation number below which will cavitation occur, and are 
listed in the Table below. 
Cavitation indices for chute spillways. 
<1i > l. 7 No cavi tat ion 
0.58 < <1i < l.7 Provide 1:5 chamfer 
0.36 < ai < 0.58 Provide 1:10 chamfer 
0.25 < <1i < 0.36 Provide 1:20 chamfer 
ai < 0.25 Provide aeration ramp 
<1i < 0.12 Revise concept 
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In spillway design where high velocities and low cavitation indices are 
to be expected it is necessary to compute the cavitation index at each point 
along the spillway and over a wide range of discharges up to the design 
discharge. An example of McPhee Dam has shown in Fig 2.13. 
Inspection of Eq (2.55) reveals that the local velocity v 0 must 
increase to large values before cavitation is likely. Assumming Hatm in Eq (2.55) 
is 10.3 m, and Hstatic and Hr and Hv cancel each other out approximately. then 
for O"i of 1.7 from above Table. the mean velocity v 0 is around 12m/s for 
cavitation. For a O"i of 0.25, the mean flow velocity would require to be of the 
order of 28 mIs, this being a rough idea of the velocity of flow requiring an 
aerator ramp. The vapour head value Hv can be taken as low as 0.2 m but a 
more conservative approach is to take Hv as 1.5 m approximately. This is 
because tiny air bubbles come out of solution at heads around 8.5 m relative to 
the atmospheric, ( or + 1.5 m absolute ) and such bubbles can act as nucleii 
for cavitation. 
2.3.2 Cavitation bubble dynamics. 
Water does not spontaneously change from the liquid to the vapour 
state as either the temprature is raised or the pressure is decreased. Water which 
has been distilled and filtered many times can sustain extremely large negative 
pressures without cavitation. Cavitation and boiling are both observed to begin at 
the location of impurities in the flow or at minute cracks on a smooth boundary 
or at tiny air bubbles coming out of solution. It is not known if particles of dirt 
serve as nuclei for the vaporization. However. Katz (1984) observed that the 
appearance of visible cavitation in flowing water was always preceded by the 
occurrence of a swarm of microscopic bubbles in a small region of the flow field. 
The importance of the bubble as cavitation nuclei has been known for a long 
Literature Review 59 
time, and all of the theory for the formation of cavitation, has been built up 
around the existence of microscopic bubbles in the flow. 
Spherical bubble stability was studied by Daily & Johnson (1956). The 
force balance on a hemispherical section of a bubble shown in Fig 2.14 
containing water vapor and a gas is given by: 
(2.56) 
or (2.57) 
where r = radius of bubble 
Po = reference pressure (of fluid surrounding the bubble) 
Pp = partial pressure of gas 
Pv = vapour pressure of water 
E = interfacial surface tension 
Assuming the gas bubble obeys the perfect gas law: 
11m Ru Tk 11m Ru Tk m Rg Tk 
Pp 
'I' r 3 'I' r 3 Vg 
(2.58) 
where m = mass of gas in Kg 
nm = number of mole = mlM 
M = mass of mole of gas, kg 
Rg = engineering gas constant 
Ru = Universal gas constant 
Tk = temprature absolute in (kelvin 3) 
Vg = volume of gas 
Eq (2.57) becomes: 
(2.59) 
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where Ag is constant for a specific of gas, mass, and temperature, 
i.e Ag = mRgTIJ1I" 
Eq (2.59) gives the solution of a family of curves for various quantities of air in 
the bubbles as shown in Fig 2.14. These curve represent the equilibrium condition 
for the vapour bubble containing air. The stability of the bubble can be 
investigated by examimining the full differential equation of the bubble as 
reported by Knapp (1955). The equation is: 
1.5 
2E 
+ ---
r 
] (2.60) 
If the right side of the equation is positive, the bubble will grow. Conversely, if 
the right side of the equation is negative, the bubble will decrease in diameter. 
Thus, the right side of the equation represents a force that causes the bubble size 
to change. The bubble stability is determined by the algebric sign of the right 
side of the equation. The condition of neutral stability; (known as the locus of 
neutral stability) occurs when the right side of Eq (2.60) is equal to zero. This 
curve, shown on Fig 2.14, is defined by: 
(2.61) 
where: 
P d = difference between minimum fluid pressure and vapour pressure. 
rc = critical radius = 1.5 [ m Rg Tk / 11" f ] 
This theoretical development provides an insight into the mechanics of the 
formation of cavitation. For example, if a bubble with a small free gas content is 
convected into a low- pressure region, the bubble diameter will remain about 
constant. However, if the pressure decreases enough for the bubble dimensions to 
reach the critical radius, the bubble size will increase explosively as shown in Fig 
2.14. The rapid expansion is only possible through vaporization of the water with 
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little contribution from the expansion of the gas. Therefore, the process is one of 
vaporous cavitation. Conversely, if a bubble containing a large free gas content is 
convected into a low- pressure region, the bubble diameter will continually expand 
without ever reaching a critical radius. In this case, the bubble expansion is 
primarily due to expansion of the gas. This non- explosive growth of the bubble 
in which vapour pressure is never reached is characteristic of gaseous cavitation. 
2.3.3 Role of Surface roughness on cavitation. 
Upon examining the flow surface of a hydraulic structure, the flow 
surface irregularities or the surface roughness can be characterized usually as one 
of the following two main categories. 
1). Singular (isolated) roughnesses. 
2). Uniform distributed roughnesses. 
Singular roughnesses are irregularities in a surface that are large 
relative to the surface irregularities from where they protrude. A uniformly 
distributed roughness is a surface texture that does not contain singular 
roughnesses. Between these two extremes is a category of moderate height singular 
roughnesses in combination with a uniformly distributed roughness which has not 
been systematically studied. Sometimes, singular roughness are referred to as local 
asperities. Typical examples of these in hydraulic structures include: 
a). Offset into- the- flow as shown in Fig (2.15a). 
b). Offset away- from- the- flow, as shown in Fig (2.15c,d). 
c). Voids or grooves, as shown in Fig (2.1Se). 
d). Protruding joints as shown in Fig (2.15g). 
In all these cases, cavitation is formed by turbulence in the shear zone; the 
action is produced by the sudden change in flow direction at the irregularity. The 
location of the shear zone can be predicted from the shape of the roughness. 
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Depending upon the shape of roughness cavitation bubbles will collapse either 
within the flow or near the flow boundary. 
Fig 2.15(f) depicts cavitation above a distributed roughness. Cavitation 
occurs within the flow because of turbulence generated by the roughness of the 
boundary. The cavitation location is not predictable; however, cavitation always 
occurs with in the body of the flow for distributed roughnesses. 
The earliest studies of singular asperities concentrated on cavitation 
characterisitcs at misalignments. Investigation of into- the- flow offsets were 
presented as design curves by Colgate and Elder (1961) and are shown in Fig 
2.16. Data were obtained in a test facility which was 102 mm high by 152 mm 
wide. The test section was located immediately downstream from a specially 
designed transition that produced an extremely thin boundary layer. For the larger 
offsets, the data are in error because blockage effects were not taken into 
account. The families of curve were corrected for blockage and expressed in a 
more compact form in by Colgate (1977). The condensed form was made possible 
by expressing the curves in terms of a cavitation index referenced to the plane of 
the offset, as in equation below: 
(2.62) 
where Pn = Pressure in free stream in plane of offset. 
Pv = Vapour pressure of water. 
Vb = Free stream velocity in plane of offset. 
p = density of water. 
The technique permitted all the characteristics of the sudden offsets to be drawn 
on a single plot as shown on Fig 2.17(a). For chamfers having length to height 
ratios less than 5:1, the cavitation characteristics are a function of the offset 
height. A similar plot, as shown in Fig 2.17(b) was made for rounding the 
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leading edge of the offset to an ellipse. 
Jin et al (1980) also conducted studies of offsets and chamfers in a 
water tunnel. The test section was 200 mm by 200 mm and located immediately 
downstream of the convergent section. The boundary layer was extremely thin as 
with the tests by Colgate. lin found that the incipient cavitation index, <Ti, for 
chamfers could be expressed according to following empirical relationship for 
Le/H > 5.0: 
where: 
H = height of offset as shown in Fig 2.18 
Le = run of chamfer as shown in Fig 2.18 
<Ti = incipient cavitation index 
(2.63) 
Zharov (1978) conducted experiments wherein the boundary layer thichness was 9 
to 11 mm. Offset heights of 3, 6, 10 and 15 mm were tested. By using a 
cavitation index referenced to the height of the offset, as in Eq (2.62), 
investigations showed the index was independant of relative height and Reynolds 
Number. The Reynolds Number tested ranged from 10 3 to 10 6. A comparison of 
results, by the three investigators, shown on Fig 2.18 reveals that the experiments 
of Colgate & lin agree closely and actually compliment each other. For small 
chamfer ( LclH ~ 1 ), Zharov's results also agree with Colgate & Jin. However, 
for large chamfers, the cavitation characteristics differ. One reason for the 
difference in the results might be that Zharov tested with a significant boundary 
layer thickness. Another method of accounting for the velocity distribution within 
the boundary layer was based on the frozen streamline theory of Holl (1960). 
Holl proposed that the relationship between the cavitation index without a 
boundary layer was related to the cavitation index with a boundary layer by: 
(2.64) 
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where Va = characteristic velocity 
v u = reference free stream velocity 
Uk = cavitation index based on average velocity over height of offset. 
Uu = cavitation index without a boundary layer 
The characteristics velocity is the average velocity over the height of the offset 
and is defined as: 
where 
r Vy ' dy 
o 
H = height of the offset 
Vy = velocity at height y 
Va = characteristic velocity 
y = vertical co- ordinate ( distance from boundary ) 
for the one- fifth power law distribution of velocity, Eq (2.64) result in 
Uk - 0.71 Uu [ H/6 ]0.4 
where ,() equals to boundary layer thickness. 
(2.65) 
(2.66) 
Clearly, Eq (2.66) demonstrates that the data of Zharov should lie below that of 
Colgate and Jin, when all three are compared using a cavitation index that is 
based on a thin boundary layer. 
This approach, (by Holl) , should permit tests with and without a 
boundary layer to be referenced to a common base. For example. the cavitation 
index with a thin boundary layer should be able to be predicted from Eq (2.66) 
using data taken from tests with a boundary layer. However, this approach has 
yielded only average results. Therefore, attempting to characterize the cavitation 
index only by some representative velocity within the boundary layer appears too 
simplistic. 
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Other studies of isolated asperities have used a better method to 
account for the velocity distribution in the boundary layer. Arndt et al (1979) 
concluded that cavitation index should be a function of the relative thickness of 
the boundary layer, the Reynolds Number of the flow, and a boundary layer 
shape factor. This is expressed as: 
« f ( H/6 I Rh ,S) (2.67) 
where: 
Rh = Reynolds Number based on height of offset and free stream velocity. 
S = Boundary layer shape parameter. 
The boundary layer shape parameter, S is defined as the ratio of the 
displacement thickness to the momentum thickness: 
S (2.68) 
The displacement thickness c5d' is defined as: 
(2.69) 
The momentum thickness 15m, is defined as: 
(2.70) 
where Vb equals free stream velocity in the plane of the offset. 
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2.3.4 Cavitation damage and effect of aeration. 
Several mechanisms are usually involved in damage of hydraulic 
structures. For example, when cavitation forms because of a surface irregularity, 
surface damage will begin at the downstream end of the cloud of collapsing 
cavitation bubbles. After some time, an elongated hole will form in the concrete 
surface. As time progresses, the hole will get larger with high velocity flow 
impinging on the downstream end of the hole. This flow creates high pressure 
within the minute cracks around individual pieces of aggregate or within 
temperature cracks which form during the curing process. Pressure differentials 
between the impact zone and the surrounding area are created which can cause 
aggregate, or even chunks of concrete, to be broken from the surface and swept 
away by the flow. This damage process can be accurately regarded as erosion; 
whereas, the loss of material due to cavitation is not strictly erosion. Here, 
erosion is defined as an abrasion, dissolution, or transport process. As erosion 
from high velocity flow continues, reinforcing bars can become exposed. The bars 
may begin to vibrate which can lead to mechanical damage of the surface. 
At the USBR. Glen Canyon Dam, concrete lumps were found attached 
to the end of the reinforcing steel as shown in plate 2.1. At this stage, high 
velocity flow acting on the lumps, rip reinforcement bars from the concrete even 
though the steel may be imbedded as deep as 150 mm. After the structure's 
lining has been penetrated, erosion can continue into the underlying foundation 
material. When damage penetrates the liner, the integrity of the structure is the 
first concern. As high velocity flows passes over a surface, a potential exists for 
the surface to be damaged by cavitation. Various factors that determine whether 
or not the surface will be damaged include: 
a). cause of cavitation 
b). location of damage 
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c). intensity of the cavitation 
d). magnitude of the flow velocity 
e). resistance of the surface to damage 
f). air content of the water 
g). length of time the surface is exposed 
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The resistance of a surface to damage depends upon several factors 
including the ultimate strength of the material, ductility, and homogeneity. It is 
not clear which strength characteristics of a material are significant when 
evaluating the surface resistance. With metals, surface deformation caused by the 
impact of collapsing bubbles produces tensile forces within the material. On 
concrete surfaces, tensile forces are also possibly the significant factor. Thus, 
tensile strength and not compressive nor shear strengths may be more important 
parameter. The properties of strength and ductility can be combined into one 
parameter known as resilience, Rao et al (1981). Resilience is defined as the area 
under the stress- strain curve of a material. Fig 2.19 shows a curve of relative 
damage developed for materials conventionally used in construction of hydraulic 
structures. Fig 2.19 shows that ccarbon steel was found to be damaged about 7 
times faster than stainless steel: aluminum or copper is damaged about 25 times 
faster than stainless steel. 
It is now well known that air bubble injection into a cavitation prove 
environment will spectacularly reduce the likelihood of cavitation damage. 
Estimates of around 7% air concentration are said to eliminate cavitation damage 
completely. 
For low values of air concentration, damage has been found to vary 
inversely with the air concentration. Perterka (1955) conducted some air 
concentration tests between 8 x 10- 6 and 20 x 10- 6 parts of air per parts of 
water. At high air concentrations, of around 0.07 parts of air per parts of water, 
damage was found to be completely eliminated over a 2- hour test period in a 
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venturi- type test facility. In 1945, assumptions were that air injected under a 
water prism would " acts as a cushion between the high- velocity water and the 
tunnel lining", Bradley (1945). It was further reasoned that " the air would aid in 
relieving the subatmospheric pressure ". Neither axiom is correct. 
Currently, two theories explain the mitigating effect of aeration on 
cavitation damage. One theory is based upon the presence of noncondensable 
gases in the vapor pocket that cushion or retard the collapse process. The second 
theory is based upon the change in sonic velocity of the fluid surrounding the 
collapsing vapor bubble due to the presence of undissolved air. Of the two 
current theories, about the effect of undissolved air in water, the theory regarding 
the change in the sonic velocity seems to be most valid. Studies have shown that 
the diffusion of undissolved gases into a vapor cavity proceeds at a very slow rate 
relative to the rate of vaporization. Because the vapour cavity growth time is 
short, it seems unlikely for sufficient gas to be present (in the vapor cavity ) to 
significantly effect the rate of collapse of the cavity or the pressure generated by 
the collapse. 
Whatever the real physical processes involved, it is now clear that 
aerators present the most economical method of removing cavitation probability, 
and their operation and design is the subject of this thesis. 
2.4 BEHAVIOUR OF JETS IN THE ATMOSPHERE 
2.4.1 Introduction. 
It is clear from Fig 2.1 that the main function of an aerator ramp is 
to form a turbulent jet which springs clear of the spillway surface forming an 
almost atmospheric jet. The upper surface of the jet is at atmospheric pressure, 
although the under surface will be sub- atmospheric by virtue of the fact that air 
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is sucked into the cavity under the jet. 
There are various aspects of jet behaviour which need to be 
considered in any fundamental review, especially aspects which relate to the type 
of jets occurring in aerator ramp designs. 
(i) The jet trajectory, in the presence of turbulence, sub atmospheric pressures 
under the jet, and air resistance. This will be discussed in section 2.6.3 and in 
Chapter 7. 
(ii) The ability of the jet to spread, to become unstable, break- up, and the 
ability to transmit turbulence along its length. These will be discussed in this 
section. 
(iii) Aeration in aerator jets including free surface aeration on the upper surface, 
forced free surface aeration on the lower sub- atmospheric surface, and plunge 
point aeration at the jet reattachment point on the spillway surface. These will be 
the subject of section 2.5. 
2.4.2 Diffusion of jets in the atmosphere. 
When a high velocity jet enters the atmosphere ( from a nozzle or 
orifice ) it will invariably spread laterally, in a similar manner to a water jet 
entering a large body of water. The rate of spread of water jets in water is well 
established, Albertson et al (1948) and usually produces spreading angles of the 
order of 6 0 to 14 0 (10% to 25%) depending on the nature of the jet entering. 
The rate of spread of water jets entering air is less well known and is 
complicated by the fact that gravity acts to contract the jet size due to 
acceleration. A study of jet spread was carried out by Withers (1991) and Ervine 
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(1987) with the results shown in graph in Fig 2.20. A long smooth tapered 
nozzle produced a half angle of jet spread less than 1 %, whereas an orifice plate 
with no upstream flow strighteners produced spreads of around 4% LO 5%. In all 
cases the rate of spread was found to be directly related to the turbulence level 
within the jet. 
The physical mechanism of jet spreading is not well known and at 
least three ideas have been put forward, sketched below. 
Ervine and Falvey (1987) argued that the spread of the outer edge of 
the jet is directly proportional to w'/u. This was backed up by turbulence 
measurements and photographs. 
Hecker (1988) argued that the edge of this jet takes the form of 
eddies or waves which increase in size with increasing distance from the origin. 
This is similar to increasing eddy sizes in jet spreading in a body of water, 
Albertson (1948). 
Hoyt (1977) argued that jet spreading is solely due to axial swirl which 
is caused by a helical instability the source of which is not clear. A Coriolis 
component ? 
In fact the spreading of a jet in the atmosphere is essentially a 
shearing process between water and air with the air remaining ambient, almost 
the reverse of the generation of sea waves where the air moves and the water is 
ambient. It is clear that surface waves will form and that internal jet turbulence 
will causes bulges in the jet surface, so it is possible that all three ideas sketched 
below have relevence. 
In aerator jets, spread is likely to be significant because of high 
internal jets turbulence combined with large velocities of the jet (30 - 40 m/sec) 
producing significant "waves" of the Hecker variety. 
'. 
Literature Review 
Ramp 
Ervine 
Hecker 
Ramp 
lJ ~ 
'~~~" 
.. ~ ' D~v+-:)Q: X 
" tv .. _ ,j- '--' 
" - ... -- ~;-"~'" ) 
'~ - --- .)' 
- .-" 
(HOyt) 
Spread due to 
instability 
• tJ I • 
. ...:.... .. "" 
'-' 
71 
Ervine and Falvey (1987) have produced a simple model which might 
be applicable both for the conditions necessary for jet spread, and also the 
condition necessary for the onset of aeration (section 2.5). Their argument 
stemmed from previous work by Hunt (1984) and Sene (1984) and was based on 
large scale model experiments on jet spread and turbulence . Fig 2.21(a) shows 
the relation between the jet spread and the jet axial turbulence intensity at the 
orifice outlet and Fig 2.21(b) shows the simplified condition of the spreading 
turbulent jet. With limited data, the rate of jet spread was found to be: 
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0.38 uti U o (2.71) 
where u t is the longitudinal turbulent velocity measured using a turbulence probe, 
and where () 2 is the lateral spread of the jet, x is the distance from the orifice 
and u 0 is the average velocity at the plane of the orifice. Further, it was argued 
that the outer spread angle was approximately equal to the lateral component of 
turbulence (v'/u o)' hance, 
(2.72) 
Extension of the jet spread model to the estimation of the jet disintegration 
length will be discussed in section 2.4.3. 
Since, according to Eq (2.72), the jet spreads laterally at the rate 
proportional to the turbulence intensity, the jet particles moving perpendicular to 
the flow must have adequate kinetic energy to overcome the restraining surface 
tension. Representing the lateral turbulent kinetic energy as ~ pv' 2 and the 
restraining surface tension pressure as 2aiR, shown in Fig 2.22, the criterion for 
jet spreading is: 
i pv' 2 :;. 2 (f /R (2.73) 
or from Eq (2.71) 
i pu t2 :;. 13.8 (f/R (2.74) 
where R is the radius of curvature of jet surface undulations and is valid only 
for circular bulges on the jet surface. (f is the surface tension parameter. 
Equation (2.73) is stipulated as a criterion for jet spreading and also 
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for the onset of free surface aeration. Water droplets will not be ejected and air 
bubbles will not be entrained across the free surface until there is sufficient 
turbulent energy relative to the surface tension forces. A further criterion for the 
onset of aeration concerns the value of R, the radius of curvature of surface 
undulations. An estimate of the value of R can be obtained making the following 
assumptions: 
1) At the onset of aeration, the radius of the eddies in the jet have the same 
order of magnitude as the surface disturbance amplitude Fig 2.22. 
2) The magnitude of the surface disturbance are proportional to the kinetic 
energy of the turbulent fluctuations u' 2/2g as advocated by Sene (1984). Thus, 
from Eq (2.73), assuming isotropic turbulence meantime ( u' = v'), 
(2.75) 
giving 
U'4 == 8 6g/p (2.76) 
or 
u' == 0.275 m/s at 100 C 
as the criterion for the entrainment of air bubbles at a free surface. In an equal 
and opposite action, this should also be the criterion for the creation of drops of 
water or spray at the air- water interface provided droplets are of similar 
dimension to air bubble being entrained. Eq (2.76) may also be expressed in the 
form of jet velocity: 
0.275 0.275 
u (2.77) 
u'/u Tu 
where u is the jet velocity at the onset of aeration or spray. 
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2.4.3 Instability and break-up of iets. 
One of the curious feature of jets plunging through the atmosphere is 
that eventually they break- up and disintegrate. For low turbulence circular jets, 
break- up does not occur until LID 0 :::: 300, where L is the jet plunge length in 
the atmosphere and Do the jet diameter. For very turbulent circular jets the 
break- up length reduces to LID 0 :::: 50. 
Rectangular aerators jets are also of high turbulence (Tu :::: 10%) and 
are also liable to have short break- up lengths Llh :::: 40 to 50, where h is the 
water depth. Fortunately, most aerator jets have Llh values less than 20, so jet 
break- up is not liable to be a significant problem at design discharges. Except 
for specific dams such as McPhee (Frizell & Pugh 1988) where the Llh values 
occassionally reach values of 30 - 60, complete jet disintegration should not 
occur. 
Gradual jet disintegration is a complex process involving internal jet 
turbulence (Reynolds Number), jet surface tension (Weber Number), and air 
resistance from the ambient air. Photographs of the disintegration process from 
Hoyt and Taylor (1977) are shown in Fig 2.23. The first photograph shows 
behaviour in the first few diameters; the secound shows the jet sinuous nature 
further downstream and finally the jet break- up point at about 240 diameters 
downstream in this case. Hoyt and Taylor (1977) shows that the jet is finally 
destroyed by helical instabilities, but do not reveal where these instabilities come 
from. 
In the discussion below, many authors have attempted to measure and 
predict the break- up length of a jet. Early work tended to concentrate on small 
scale laminar jets increasingly moving to larger scale, more turbulent jets. 
Early work by Rayleigh (1892) on the stability of low velocity laminar 
jets, due to the growth of axisymmetric disturbance, resulted in equations for the 
break- up length dependent only on surface tension and inertial forces. Further 
LIterature Review 75 
analysis was carried out by Weber (1931), who also took account of the effect of 
viscosity on the jet break- up characteristic. The dimensionless break up length 
was given by: 
where 
LslD - In (r/6 0 ) [ (We) + 3(We 2{Re) ) 
LB = jet break- up length 
D = diameter of outlet 
r = radius of the jet 
60 = amplitude of initial surface disturbance 
We = Weber number { J( pu 20/ 6)} 
Re = Reynolds number ( uD/,,) 
(2.78) 
The value of InCr/6 0) had to be found experimentally. Weber reported 
a value of 12, based on data by Haenlein (1932), whereas Smith and Moss (1917) 
found a value of 13 to be more appropriate. For glyceroUwater solutions, Grant 
and Middleman (1966) reported an average value of 13.4 for InCr160>, in good 
agreement with earlier work. As a convenient means of representing experimental 
jet stability data, stability curves are commonly constructed. A schematic example 
is shown in Fig 2.24, which applies to a particular liquid and outlet configuration. 
Grant and Middleman proposed a similar expression for the linear break- up 
region as follows: 
LslD - 19.5 (We + 3 We 2/Re)O.8S (2.79) 
They also proposed that the initial disturbance In(r/ 60) is a variable and is more 
appropriately represented by the correlation. 
In(r/6 0 ) - -2.66 InCWe/Re) + 7.68 (2.80) 
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where We/Re = (Oh) Ohnesorge or stability number. 
This is important number in jet stability analysis as it represent the 
ratio of restraining or disturbing forces. 
Various empirical correlations for break- up of small scale turbulent 
jets have been put forward. For instance, Grant and Middleman (1966) developed 
a relation for jets issuing horizontally from long smooth nozzles as follows: 
LslD - 8.51 (We)O.6~ (2.81) 
Chen and Davies (1964) produced a further correlation for this region. For fully 
developed turbulent flow issuing from horizontal pipes, the following relationship 
was given: 
LslD - 1.15 We + 30 (2.82) 
Using the dimensional analysis approch, Baron (1949) also provided a relationship, 
this time including surface tension and viscosity, as follow: 
LslD - 537 We/(Re)i (2.83) 
This relationship has proved effective for high turbulence jets. Horeni (1956) 
investigated the break- up of a free rectangular jet of water in air. From 
experimental results the break- up length was found to be a function of Reynolds 
Number as follow: 
7.8 ReO. 319 (2.84) 
This equation is not dimensionally correct and may be applicable only to the 
experimental range tested. Van de Sande and Smith (1976) developed a relatioship 
for free vertical jets from circular outlets where turbulent was fully developed, 
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(2.85) 
where Uj = jet velocity at break up point. 
Ervine, McKeogh and Elsewy (1980) argued that the turbulence level 
of the issuing jet was the main parameter causing perturbations on the jet surface 
and jet disintegration. As various turbulence levels can be attained at constant 
Reynolds Number, due to nozzle geometry, then relationships without this 
parameter would not be representative. Be careful alteration of flow conditions in 
the header tank, the above authors managed to determine break up lengths of 
low velocity, circular jets at various turbulence levels. The jets plunged near 
vertically into a receiving pool below. As expected, when the turbulence level was 
increased, holding other parameters constant, the break up length was substantially 
reduced. The break up length was related to outflow in a general form as follow: 
CQX (2.86) 
The constant C and exponent x were determined by relative turbulence 
intensity of issuing jet. Typical values of C and x for low to high turbulence 
are given below in Table (2.1). 
TABLE 2.1 
Jet turbulence level % Break-up length 
- f (Q~) 
0.3 LB - 60 Qw O ' 39 
3.0 LB - 17.4 QU/O.31 
8.0 LB _ 4.1 Q~O' 20 
Table 2.1 Typical values of jet break- up length for various outlet 
turbulence levels 
Ervine and Falvey (1987) employed a different approach to jet 
break- up lengths for the case of spreading turbulent jets. The basic premise is 
based on the ability to predict jet spread due to turbulence, Fig 2.21(b). This is 
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done by considering the outer edge of the jet to make an angle proportional to 
viI u where Vi is the lateral turbulent velocity and u is the jet velocity. 
If the outer edge is spreading in a manner indicated. equation (2.52). 
then the inner core must be reducing in size in a predictable fashion. Referring 
back to Fig 2.21(b). Ervine and Falvey (1987) extended their jet spread model to 
estimate when the solid inner core would completely decay. Assuming negligible 
velocity change over a short distance of high velocity jet. continuity between 
section 1 and 2 of Fig 2.21(b) gives: 
(2.87) 
where P 1 is the percentage probability of encountering water in the {, 1 region 
and P 2 is the percentage probability of encountering water in the {,2 region. 
Ignoring second order terms. the ratio of the magnitude of inner core decay to 
the outer core spread is given by 
(2.88) 
Equation (2.88) is valid only for the case of a high velocity jet spreading linearly 
in the atmosphere. An estimate of {, 11 () 2 was obtained by Ervine and Falvey 
(1987) from probability measurements made at the edge of typical jets. A 
probability probe showed that the edge of a jet follows approximately a Gaussain 
distribution. as shown in Fig 2.25. This is attributed to the turbulent fluctuations 
within the jet which cause the jet surface disturbances and also follow a Gaussain 
distribution. However. refering to the observations of Hoyt and Taylor (1977). the 
probability distribution of encountering water at the edge of the jet may derive 
more from the helical motion of the flow downstream of the outlet. as shown in 
Fig 2.23. 
Initial estimates of {, 1 I {, 2 from probability data Ervine and Falvey 
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(1987) for high velocity jets with negligable contraction due to gravity revealed a 
value of approximately 115 to 117. Thus the angle of jet core decay may be as 
small as 15% to 20% of the angle of lateral spread, ignoring core contraction 
due to gravity. For a typical outer spread o/x of 3% to 4%, corresponding to a 
turbulence intensity u'/ u of 5% to 8%, the inner core decay ({) ,/x) could then 
be as small as 0.5% to 1 % . If the jet begins to break up or to disintegrate 
when the inner core decays completely, the jet break up length (LB) is given 
approximately for rough turbulent jets by: 
o,/x ~ 0.5~ to 1~ (2.89) 
or 
50 to 100 (2.90) 
This empirical estimate of the break up length of circular jets agree 
with previous experimental data for rough turbulent jets . 
The method proposed above might well be adopted for rectangular 
turbulent jets such as are found in aerators. This would require a knowledge of 
jet spread coefficients, and would provide information on the degree of jet 
break- up at impact with the spillway surface, over a range of discharge values. 
There is a further possible form of instability until now not mentioned 
in aerator literature. This is a form of longitudinal axial swirls generated in the 
ramp region and transmitted along the jet Gortler (1945). The phenomena is 
sketched below; 
r r 
curved 
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The formation of a ramp on an open channel spillway flow is the 
equivalent of producing curvature in the streamlines; additional centrifugal pressure 
on the bed as well as non- uniform shear stress distribution. The latter is likely 
to set up secondary cells as shown above, the number depending on the aspect 
ratio of the main channel flow. 
Very similar eddy formation were previously shown by G.1. Taylor 
(1936) to develop in the analogous flow between two concentric cylinders, with 
the outer cylinder at rest and the inner one is rotating. Gortler's theory shows 
that instability can develop if 
u B 
where J B/r > 0.5 (2.91) 
where 
u = mean flow velocity 
r = radius of curvature 
8 = bed slope 
I' = kinemetic viscosity of liquid 
Such secondary currents may well be transmitted along the aerator jet 
forming an additional instability and certainly forming an additional type of large 
scale turbulent structure which may influence the air entraining process. 
2.4.4 Transmission 0 f turbulence along an aerator jet. 
When water flows along a spillway surface there is developed a 
turbulent flow structure which has been measured by Nezu and Rodi (1986). An 
example is shown below with longitudinal turbulence values u'l u. about twice as 
great a vertical values w'! u. near the solid boundary. A rough approximation of 
w' is given by w' ~ 1.23 u. near the spillway floor. 
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The purpose of a spillway ramp therefore is to lift a jet of water 
clear of the spillway surface so that aeration may occur into the underside of the 
spillway jet. The other purpose of the ramp is to generate extra turbulence in 
the jet so that more air may be entrained. In that sense, ramps act as turbulence 
generators and one line of research is to vary the ramp angle ¢ to maximise 
turbulence generation. 
One of the primary aims of this work is to measure the level of 
turbulence along the spillway, to measure the increase in turbulence due to a 
ramp, and also to measure how turbulence gets transmitted along the aerator jet. 
This should provide insights into the optimum design and maximum air entraining 
capacity. 
As a prelude to these aerator turbulence measurements, the author will 
present turbulence measurements in circular jets formed by nozzles and orifice to 
gain insights into turbulence convection, advection and diffusion . 
Consider first the idealised case of circular jet issuing from vertical 
circular nozzle as shown in Fig 2.26. If the nozzle is short, the boundary layer 
at the edge of the jet will be thin. For very long nozzles the boundary layer 
may be fully developed . At the point of entry into the atmosphere the jet will 
contain some turbulence which will be more pronounced at the edges compared 
with the center. Relative turbulences for short or long nozzles are sketched 
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in Fig 2.27. 
Turbulence in the jet will immediately act on the surface tension 
"skin" of the jet to cause surface disturbance which grow in size in the axial 
direction. This is analogous to the submerged jet behaviour where the eddy length 
is considered to grow linearly in the axial direction .e = cx as well as causing 
surface disturbances, the internal fluid turbulence also spreads rapidly inward 
towards the jet centre line. This is an exact parallel with the zone of flow 
establishment in a submerged jet, only in the case of an atmospheric jet, the 
ambient fluid has a density which is only 11800 of the jet density. 
An important aspect of atmospheric jet behaviour is that the equal 
pressure around the jet periphery will produce a zero pressure gradient across the 
jet width and hence ultimately a zero velocity gradient (ignoring air resistance) 
across the jet width. This is shown in Fig 2.28, A zero velocity gradient will in 
turn mean that no new turbulence is generated as per the relation, 
T= p.e 2( clu! clr)2. If there is no turbulence generated along the jet length then 
existing turbulence after redistribution (advection) will be dissipated in the usual 
way of energy transfer down the eddy length scales. Davies (1972) also postulates 
that turbulence is dissipated by the impact of turbulent eddies with the free 
surface causing bulges or disturbances. A graph showing the growth of surface 
disturbances in the axial direction is shown from Davies (1972) in Fig 2.9. Davies 
showed that the disturbances E vary with the distance from the nozzle. It was 
found that [ f O! (.rx) ] and, similarly with the internal jet turbulent velocity, 
u' O! ( [l/x] ~ ). 
The important point here is that in atmospheric jets that turbulence 
will eventually decay downstream because little or no new turbulence is being 
generated because the shear generated at the air/water interface is not significant 
compared with shear generated at a solid/water interface. But before turbulence 
decays, it will first be redistributed according to change in the velocity profile 
downstream. 
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One of the main questions asked in this thesis concerns changes in the 
velocity and turbulence distribution downstream of a ramp as sketched below; 
The unknown is the distribution of w' downstream of the ramp, 
because this parameter may be responsible not only for jet spread but also the 
rate of aeration into the jet section 2.5.3. 
Davies (1972) provided some insights into turbulence decay downstream 
of a turbulence generator, namely a grid placed in a flow. Dimensional 
consideration show that the equation must be in the form of power per unit mass 
of the flow (Pm)· 
const 
where v - kinemetic viscosity of fluid 
t - time scale 
(2.92) 
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3 d(WI):2 
const (2.93) 
2 dt 
(WI) :2 const/t + const (2.94) 
In practice , after a stream of fluid has passed through a grid or 
honey comb structure, the equation becomes; 
1 
ex: SQRT ( x - Xo ) (2.95) 
WI 
where x is the distance downstream from the grid and x 0 is a constant. 
It is not clear at this stage how much Davies decay theory is 
applicable to aerator jets, which have relatively short lengths to the impact point 
Vh == 20 and hence turbulence in the spillway ramp may be undergoing 
significant redistribution rather than simply decaying. 
Falvey (1988) has discussed this briefly, since a velocity gradient is 
needed to generate turbulence, turbulence will not be generated within the core 
of an atmospheric jet. Thus, the scale of the eddies on the interior of a free jet 
will become increasing smaller in the downstream direction. Although this had not 
been studied, but it is probably the dispersion of the eddies to both air- water 
interfaces that is responsible for air entrainment which is observed in the upper 
of aeration. 
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2.5 AIR ENTRAINMENT IN AERATORS AND OPEN CHANNE L FLOWS. 
2.5.1 Introduction. 
There are three basic types of air entrainment in jets; 
(1) .Free surface aeration where air bubbles are entrained into the moving jets, 
across the jet free surface. Whenever this process occurs naturally, say, on the 
upper surface of a spillway flow , the process is known as self aeration . 
(2) .Free surface aeration at the underside of a jet. Air bubbles are again 
entrained across the jet free surface, but in the case of an aerator ramp jet, 
sketched below, as in this work, the phenomenon is known as forced free surface 
aeration. 
(3). When a jet impinges on a pool (or roIler) entraining air, the phenomenon is 
known as plunge point aeration. This may be occurring to a slight extent at the 
jet reattachment point sketch below. 
Free surf?ce aeration 
Free surface aeration 
at the underside of jet 
Plunge 
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The mechanism of free surface aeration is now reasonabley well 
understood. On an upper jet surface it is due to falling water droplets, ejected 
from the flow entraining air on re- entry. sketched below. 
air 
~ ~ s 
Water 1 2 p w' 2 
, P w'2 
air 
~ 
Water 
air 
Water 
, P W'2 
-- ----... 
turbulent tounge 
of fluid 
air 
~ air bubble 
This is combined with a downward turbulent velocity, w', near the free surface 
causing the free surface to intend inward nipping- off an air bubble. It is seen in 
sketched above that an air bubble entrained into the flow will descend into the 
flow only when the downward turbulent velocity w' is greater than the upward 
bubble buoyant velocity around 0.25 m/sec. It follows intuitively that the quantity 
of air entrained down into the flow per unit area of free surface is therefore 
proportional to the excess downward velocity, (w'- 0.25). Using this model of 
single air bubble entrainment by each turbulent eddy, the entrainment rate, 
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Oa / unit area WI cc u (2.96) 
of jet surface 
where u is the mean flow velocity. 
At the other end of the spectrum, it has been advocated that air is 
entrained down into the flow at a velocity proportional to WI, but the quantity of 
air available, is proportional to the height of the free surface jet undulations or 
waves. This is sketched above. The height of free surface disturbance is 
proportional to (WI) 212g, hence, 
Qa / unit area cc WI (Wl)2/2g cc (Wl)3 cc ij3 (2.97) 
Thus, there is a wide discrepancy in opinion, and hence a wide 
discrepancy in correlations of free surface aeration as seen in section 2.5.2. 
For some reason, the mechanism and quantity of air entrainment into 
the underside of a jet appears to cause less spread of opinion. The mechanism is 
sketched in Fig 2.22 & 2.29 and immediately we may discount the falling droplet 
mechanism because falling droplets do not re- enter the flow. In this case the 
mechanism is more likely to be an upward turbulent velocity component WI 
entraining air bubbles in the eddy length range 1 - 10 mm. In this case, once a 
bubble is entrained its natural buoyancy will transport it up into the flowing 
water. Falvey and Ervine (1988) argue that this process will occur only once the 
free surface is "broken", giving a criterion of WI > 0.3 m/sec approximately, for 
this to occur. In this case, most authors assume the rate of air entrainment to 
be, 
Oa / un it area cc WI cc U (2.98) 
or alternatively, the rate of entrainment per unit channel width 
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oc u L oc w' L (2.99) 
where L is the jet length. 
Plunge point aeration by jets has well established entrainment 
mechanisms and air quantities. The mechanism is shown sketched above. Air is 
entrained when the receiving roller is unable to follow undulations on the jet 
surface. The quantity of air entrained is proportional to the velocity and the 
volume of air held in the undulations, the latter being proportional to the height 
of the free surface disturbances, o. 
oc u (w') 2/2g oc (2.100) 
This is the recognised type of correlation for plunge point entrainment where the 
size of surface disturbance is proportional to u 2/2g. 
For vertical falling jets the size of surface disturbances may be no 
longer proportional to jet velocity, but proportional to the distance plunged 
through the atmosphere. As a general rule 6 oc J L to L and hence, 
ex: li/L to u L (2.101) 
where L is the distance plunged through the atmosphere. 
In any case, whatever the type of entrainment, or the mechanism, the 
intention of an aerator is to introduce air bubbles close to the solid boundaries of 
a spillway surface. Perterka (1955) has shown that an air concentration around 7 
- 9% is sufficient to eliminate cavitation damage on a spillway. At this level of 
air bubble concentration, the sonic velocity of pressure waves and rebounds is 
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greatly reduced, producing no damage to solid surfaces. 
Consider each form of aeration in more detail. 
2.5.2 Self aeration for the upper free sur face. 
An aerator ramp as sketched above usually produces free surface 
aeration on the upper free surface as well as the lower. A great deal of research 
has been carried out on upper surface aeration. 
The basic terms used for air concentration can be defined in terms of 
the volumes of air and water 
c, (2.102) 
or in terms their flow rates, i.e; 
(2.103) 
The two definitions are compatible only if the air and water travel at 
the same velocity ( speed and direction ). This is a reasonable assumption if the 
bubbles are small enough for their slip velocity and rise velocity to be small 
compared with that of the fluid. The choice of definition is usually determined by 
the experimental technique used to measure the concentration: Eq (2.102) would 
be appropriate for a device that measure the size and number of bubbles in a 
given volume whereas Eq (2.1 03) would be suitable where the total rates of air 
and water supply are known. The symbol "c" will be used in cases where the 
concentration is not defined precisely. Results for aerators are sometimes presented 
in terms of the ratio (:J as; 
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(2.104) 
At low concentration (3 and c 2 are nearly equal. (A separate problem of 
definition occurs where a turbulent water surface causes an instrument to be 
periodically in and out of the flow; in these conditions it may be difficult to 
determine what proportion of a measurement is due to air bubbles in water and 
what is due to air above the free surface). 
There is general agreement that air entrainment on a spillway starts 
when the boundary layer grows sufficiently for its thickness {) to be approximately 
equal to the depth of flow d. Turbulent clumps of liquid then break through the 
free surface and fall back again, thereby entraining air. The distance along the 
channel required for this to occur is called the inception length, Li' Some authors 
assume that at the point of inception d = 15, while others assume d = 1.215 
since turbulent eddies can be projected from below the free surface. Downstream 
of the point of inception three zones can be defined. In the developing 
partially- aerated zone, the mechanism of turbulent diffusion causes some of the 
entrained air to spread downwards as it is carried along by the flow. When air 
becomes present at the channel bed, the flow enters the developing fully- aerated 
zone in which the depth of water, the amount of air and its distribution pattern 
within the flow all continue to vary with distance. Finally, if the channel is long 
enough and of constant slope, the flow reaches the uniform aerated zone, where 
there is no further change in depth or in the vertical profile of air concentration. 
These stages are sketched in Fig 2.30. 
A large amount of research has been carried out on self- aeration, 
and in this review it is appropriate to concentrate mainly on the more recent 
work. A classic series of experiments on air entrainment in a rough channel was 
performed by Straub & Anderson (1958), while Anderson (1965) gives 
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corresponding results for a smooth channel. Test were conducted in a IS.2m long 
flume with unit discharges up to 0.9 m 3/s/m and longitudinal slopes up to 75 
degrees. Measurements were made to determine the mean concentration of the air 
and its distribution with depth for conditions of uniform aerated flow. Below a 
certain depth in the flow, dT it was found that the flow consisted mainly of air , 
bubbles in water, while above this depth it was predominantly water droplets in 
air. dT was identified as the point where rate of change of local air 
concentration with depth (dc/dy) was maximum. The measured air distributions 
above and below dT were able to be fitted to two separate theoretical equations 
by choosing suitable values of certain coefficients. Based on these and other data, 
an ASCE Task Committee in 1961 recommended the following formula for 
predicting the mean air concentration ( averaged over depth ) in rough channels. 
C1 - 0.743 10g1o ( sin 8/qW)1/5 + 0.723 (2.105) 
where 8 is the angle of the channel to the horizontal and qw is the unit 
discharge of water in m 3/s/m. The corresponding result for flow in a smooth 
channel was found by Anderson to be 
C 1 - 0.503 (sin 8/qW)2/S (2.106) 
Values of the channel Darcy- Weisbach friction factor A are calculated from the 
equation: 
A - (8gdT sin 8)/ij2 (2.107) 
where dT is the transition depth, the rate of change of local air concentration 
with depth (dc/dy) was maximum and u is the mean velocity of water. 
On this basis, it was found that aeration did not affect the flow 
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resistance of the rough channel ( A = 0.0315 ), but it did reduce the friction 
factor of the smooth channel from A = 0.0204 to A = 0.0110. 
A series of fairly similar experiments were carried out by Lakshmana 
Rao et al (1970), Gangadhariah et al (1970) and Lakshmana Rao and 
Gangadhariah (1971), a summary of which is given by Lakshmana Rao & Kobus 
(1971). The data on the variation of air concentration with depth were fitted to 
different theoretical equations from those used by Straub & Anderson (1958), but 
again it was necessary to choose suitable values for certain coefficients. For the 
inception of air entrainment, it was suggested that in addition to the boundary 
layer reaching the surface, it is necessary for the turbulent fluctuations to have 
sufficient energy to overcome the force of surface tension, Rao et al found the 
criterion for this to be ; 
( p d u'i (1 ) 
> 56 (2.108) 
where u is the average flow velocity, u. the shear velocity at the bed, (1 the 
surface tension coefficient and d is the depth of flow. The following equation was 
obtained for the mean air concentration in uniform aerated flow; 
1 
1 - c (2.109) 
1 + n F 3/2 e 
Fe = Equivalent Froude Number 
where the equivalent Froude Number Fe is defined as; 
u 
Fe 
8) i (g de cos 
(2.110) 
where u = mean velocity of flow 
de= equivalent water depth ( de = J{1- c) dy) 
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n = 1.35n 
n = 2.61n 
for rectangular channels 
for trapeziodal channels 
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with n being the Manning roughness coefficient of the channel. In the 
experiments, values of n for aerated flows were determined from an analogue of 
Eq (2.107) used by Straub and Anderson (1958), i.e; 
n (2.111) 
where dT = transition depth 
u mean velocity of flow 
Application of Eq (2.109) to find c in a design situation is not 
straight forward because values of de' u and possibly n need to be found first. 
Falvey (1979,1980) correlated Straub & Anderson's data with 
measurements from four prototype structures (three chutes & one spillway) to 
obtain the following equation for the mean air concentration in uniform aerated 
flow, 
where 
Fr = 
E = 
f = 
p = 
g = 
0.05 Fr -
Froude number 
Eotvos number 
(Esfn8)i 
63 
u/[gd] i 
gd 2p/ f 
interfacial surface tension 
density of water 
gravitational force 
, 0 ( c, ( 0.6 (2.112) 
Air entrainment leads to bulking of the flow, and the depth for design 
is sometimes assumed to be equal to dwf(l- c ). However, Falvey (1979) points 
out that it is not a very useful parameter, because turbulence causes water to rise 
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well above this level. 
Wang (1981) used experimental data on mean air concentrations to 
compare the predictions of six existing formulae. Using a criterion of minimum 
standard deviation he found a new equation for mean air concentration in the 
form, 
1 - c [ [
nsg3]'/S [B]]-0.088 
0.937 Fr -- -
Rw dw 
(2.113) 
where 
u 
Fr (2.114) 
where B = width of the channel 
dw = depth of the flow 
Rw = hydraulic radius Rw' assuming non- aerated flow. 
Volkart (1982) studied air entrainment in steep partially- filled circular 
pipes, and obtained both model and prototype data for pipe diameters up to 
900mm, and slopes up to 45 o. The resulting equation for the mean air 
concentration was: 
1 
, 6.0 < Fr < 15 (2.115) 
1 + 0.02 ( Fr - 6.0 )1.5 
where Fr = Froude Number of air/water flow (vav/[gh]~) assuming 
non- aerated flow parameters. The mean velocity vaw of air/water mixture was 
given by : 
(2.116) 
Bruschin (1987) compared Falvey's Eq (2.112) and Volkart's Eq (2.115) 
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for mean air concentration, and concluded that Eq (2 .112) did not give 
reasonable predictions for prototype conditions, possibly due to the second term 
on the right hand side not being valid. Wang (1984) used measured data on 
mean air concentrations to obtain the following best fit equation as: 
c 0.538 (2.117) 
where n is the Manning roughness of the channel. 
An important line of research on air entrainment has stemmed from prototype 
measurements carried out by Cain & Wood (1981) on Aviemore Dam in 
New- Zealand. Instruments were developed to determine profile of air 
concentration and water velocity along the spillway and also the size of the air 
bubbles. The spillway slope is 45 0 , and data were obtained for unit discharges 
of up to 3.15 m 3/s/m. The channel was not long enough to give conditions of 
uniform aerated flow. Measurements of the point of inception of air entrainment 
were found to corresponds reasonably with the emperical equation due to Bauer 
(1954) for growth of the boundary layer thickness. 
- 0.0254 (2.118) 
x 
where ks is the equivalent sand roughness of the channel. Downstream of the 
point of inception it was found that the non- dimensional velocity profile did not 
vary with the amount of entrained air, and had the form, 
v 
[ 
y ]0.158 
, C :;. 0 
Y90 
(2.119) 
where the subscript 90 refers to the point above the bed where the air 
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concentration is 90%. This contradicts the results of other investigators (eg. Straub 
& Anderson. Lakshmana Rao et al ). who found that the velocity did not 
increase steadily with distance up from the channel bed. but reached a maximum 
below the surface of the flow. Cain & Wood suggest that the difference arises 
because they measured the velocity of the water alone. while other investigators 
measured that of the air- water mixture. If this is the case. it suggests that the 
two phases travel at significantly different speeds. contrary to what is often 
assumed. Wood et al (1983). assumed that the formula for the growth of 
boundary layer was similar in form to Bauer's Eq (2.118). but evaluated the 
coefficients using Eq (2.119) together with numerical results obtained by Keller & 
Rastogi (1977) for the point of inception of aerator on standard spillways. This 
procedure gives. 
x [
X ]0.11 [X ]-0.10 
0.0212 - -
Hs ks 
(2.120) 
where Hs is the vertical distance from the upstream total energy line to the 
surface of the water in the spillway. The form of the equation aIlolNS it to be 
applied to channels of non- uniform slope. Wood re- analysed Straub and 
Andersons data. and concluded that uniform aerated flow was not achieved in all 
the tests . Where equilibrium conditions were reached. Wood found that the mean 
air concentration and the distribution of the air through the depth of the flow 
were uniquely determined by the slope of the channel. The variation of c with 
the channel slope is given in Table (2.2). The data in Table (2.2) also indicate 
that in order to obtain a local air concentration at the bed of about 7%( so as 
to avoid cavitation damage ). the mean air concentration needs to be about 30% 
and the slope of the channel about 22.5°. This result applies only after the flow 
has travelled sufficiently far along the channel for uniform conditions to be 
attained. Upstream. in the region of developing aerated flow. the air 
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concentration at the bed will be lower than the final equilibrium value. 
Ackers & Priestley (1985) developed a model for predicting air 
entrainment on spillways which is based 'on the same information as used by 
Wood (1985), but with some detailed difference in approach. The point of 
inception is found numerically by computing the growth of boundary layer until 
its thickness is equal to the depth of flow. 
At this time there appears to be no single relationship for determining 
free surface aeration, which works for models prototype and with general 
applicability. 
The reason for this concerns the fact that aeration is not a function 
of Froude Number, whereas most correlations use Froude Number, or a form of 
it, in their predictions for mean air concentration with depth. Almost all 
correlations ignore turbulence (w' or u*) and yet turbulence is responsible for the 
air being distributed into the flow depth. Most correlations ignore Reynolds 
Number and yet the Reynolds Number is the most significant term for 
determining the degree of turbulence which is held is the range of eddy lengths 
responsible for aeration ( 1mm to 10mm ) . The time is now ripe for new 
research effort in this field. 
2.5.3 Aeration at the lower jet surface. 
A schematic diagram of the underside of a jet aerator is shown below, with 
jet spread, aeration and air flow patterns shown, 
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Such devices are now in common use, and all attempt to maximise the 
air flow Qa, and the air concentration of the spillway bed. This has a dramatic 
effect on likely cavitation damage. Thus, the use of aerators is appropriate where 
the standards of surface finish needed to avoid cavitation are too high to be 
achievable, and there is insufficient entrained air in the flow to prevent erosion 
by collapsing cavities. Air can be injected by means of pumps, but most aerators 
work by producing a region of sub- atmospheric pressure which draws air 
naturally into the flow through side vents. This is achieved by means of a ramp, 
slot or offset which causes the flow to separate from part of the boundary and 
form a stable pocket of air. 
The air demands depends upon the velocity and depth of water, and 
upon the geometry of the aerator and the system of ducting which supplies it 
with air. Model tests are usually carried out to study the behaviour of the flow 
around an aerator. The phenomenon of air entrainment is subject to significant 
scale effects, so small models cannot normally provide accurate predictions of air 
demand. An aerator initially produces a high concentration of air near the 
boundary, but the distribution becomes more uniform as the bubbles are carried 
downstream by the flow. The movement of air bubbles is determined by two 
main effects: 
i). Buoyancy forces due to pressure gradient. 
ii). Turbulent diffusion away from areas of high concentration. 
Model tests on several types of aerators were carried out by Volkart & 
Chervet (1983) for San Rouque Dam in Phillipines. The best results were 
obtained with a plain deflector or a smaller deflector plus offset. A ramp 
combined with a slot as shown in Fig 2.31(c) was not sucessful because of falling 
droplets caused the slot to fill with water. An offset alone did not produce a 
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strong enough air demand. Volkart & Rutschmann (1984) mention that although 
plain deflectors can produce a good length of air cavity, they tend to work 
satisfactorily for only a limited range of flows. A combined deflector and offset 
was considered to give the best results. 
The length of air cavity produced by an aerator is an important factor 
affecting its performance especially in predicting the total degree of aeration. 
Several theoretical methods of predicting this length have been developed by 
assuming the flow to be irrotational. Schwarz & Nutt (1963) studied the trajectory 
of falling nappes, but the results can be applied to jets formed by deflectors or 
offsets. Equations for the horizontal and vertical co- ordinates are given 
separately, with the time of travel as the common parameter. It is assumed that 
the initial velocity and angle of projection are known, and that the thickness of 
the nappe is small so that it behaves effectively as a solid jet of liquid. Account 
is taken of gravity and any pressure difference between the upper and lower 
surfaces of the nappe. 
The air demand cannot be considered in isolation from the head- loss 
characteristics of the air supply system, which can be expressed in the general 
form as; 
(2.121) 
where 
Oa = the total rate of air flow 
Pa = density of air 
Aa = the cross- sectional area of the duct 
c = constant for a particular arrangement. 
For a given flow velocity, the rate of air entrainment on the underside of the jet 
depends upon the length L of the cavity, which in turn is affected by pressure 
difference Ap: Increasing Ap decreases L, and vice versa. The value of Ap adjusts 
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until the air demand of the jet matches the rate of flow through the air duct. If 
air is supplied to the cavity from lateral outlets in the side wall , there will be a 
variation of Ap across the width of the channel; the difference is largest at the 
outlet and decreases towards the centre of the channel. 
Pinto et al (1982) determined values of the parameter qa/vL for the 
aerators at Foz do areia dam in Brazil. In this case qa is the air uptake per unit 
width, u the velocity of flow at the ramp and L the cavity jet lengths as 
sketched below, 
The air demand ratio (3 = qa/qw was obtained from prototype measurements, 
the cavity length L from a 1 :50 scale model and the depth flow h determined by 
continuity. Over a six- fold range of water discharges. Pinto found that the 
quantity ~/vL was approximately constant, 
k u L (2.122) 
where Pinto suggest that k = 0.033 for symmetric flow of air (air venting from 
both sides) and k = 0.023 for asymetric flow conditions. However, later model 
tests which Pinto & Neidert (1983) carried out over wider range of conditions 
showed that k was not in fact a constant, but varied significantly with Froude 
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Number Fr = (u/[gh]~), Euler Number Ee = (u/[.o.p/p]~ ) and hrld where hr 
is the height of ramp and d is depth of flow. Values of Fr and hId for a 
particular dam do not alter greatly with the flow conditions, but the significance 
of Eular number Ee shows that the characteristics of the air supply system have 
an important effect on the amount of entrainment. Eq (2.122) is not vary suitable 
for design, as both 'la and L are unknown. 
Pan et al (1980) carried out a laboratory study of ramp aerators which 
lends support to the later work of Pinto et al discribed above. Vertical and 
longitudinal measurements of air concentration were made in order to determine 
how the air was entrained upward into the flow from the cavity created by the 
aerator. The length L of the cavity was taken as being the distance from the 
aerator to the point on the floor of the channel where the air concentration 
decreased to 60%. Based on the vertical profile of air concentration at the 
downstream end of the cavity, the rate of flow of entrained air into the 
underside of the jet was calculated to be: 
0.022 vd L (2.123) 
where vd is the flow velocity at the end of the cavity ( not at the ramp ). This 
result agreed well with the model data, and has a similar form to Eq (2.122) 
which was determined from prototype measurements, although neither equation 
considered the underpressure .o.p in their correlation. 
Pan & Shao (1984) also considered an alternative approach to 
predicting the air demand that would not require prior determination of the cavity 
length. Analysis of laboratory and prototype data, in terms of the 
non- dimensional parameter Xu' (Eq 2.125) led to the following empirical 
equation for air demand produced by a ramp and/or a slot (but no offset) in a 
channel of constant slope, 
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-0.0678 + 0.0982 Xu - 0.0039 Xu 2 [Xu> 1.0] (2.124) 
where Xu - dimensionless parameter defined as, 
v (hl/d)i 
Xu - ---(gd)i eos8 eosel! 
where 
d = depth of the flow normal to the bed 
hr = height of the ramp 
() = bed slope 
eI! = angle of ramp 
(2.125) 
This result may not be generally applicable because it does not take account of 
the head loss characteristics of the air supply system. 
Model test for four aerators to be used on the spillway of Laiban dam 
in Philippines were described by Koschitzky et al (1984). It was found that, 
provided the air supply system did not limit the amount of entrainment, the air 
demand ratio (3 for a given aerator depended only upon the Froude Number of 
the flow (regardless of the absolute values of velocity & water depth). The results 
also showed that the presence of an aerator upstream tended to increase the 
amount of air entrained at an aerator downstream. 
Useful prototype data on the performance of four aerators tested on 
chutes 1 and 3 of Guri Dam in Venezuela are reported by Marcano & Castillejo 
(1984). The values of the entrainment parameter k in equation (2.122) were 
found to be approximately constant for each aerator. and varied between k = 
0.011 for a ramp plus deep grove and offset, and k = 0.073 for a ramp alone. 
It was found that it was difficult to predict or to reproduce correctly in a model 
the under pressures that occured at the prototype aerators. As a result, the model 
tended to over estimate the lengths of the air cavities. 
Bruschin (1985) analysed the Foz- do- Areia data togather with results 
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from a model of Piedra del Aguila Dam in Argentina. Using the overall step 
height w (w = hr+ hoS> instead of L as the characteristic length led the following 
formula for the air demand ratio as; 
where 
~ - 0.0334 Fr (w/d)i 
Fr = Froude Number (u/[gd] i) 
w = (hr+ hoS> overall step height (ramp+ offset) 
d = depth of flow 
(2 . 126) 
This result does not take account of the cavity under- pressure, and its validity 
has been questioned by De Fazio & Wei (1985). Wood (1985) also studied the 
Foz- do- Areia data and produced the following equation for determining the 
value of factor k in Eq (2.122) 
k - 0.0079 (Fr - Fk) 
where 
Fr = Froude Number (u/[gd] i) 
Fk is the Froude Number required to initiate aeration and is given by, 
where 
Fk - 4.3 [ 1 + 4.7 { AP/pgd } { hos/d } ] 
Ap = under nappe pressure 
hos = height of offset 
d = depth of flow 
(2 . 127) 
(2.126) 
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Model test of an aerator with an offset, but no deflector (hos= 0) for Clyde Dam 
New Zealand gave lower values of k then predicted by Eq (2.127). 
Low (1986) describes model tests on aerators for the spillway of Clyde 
Dam carried out at a scale of 1 :15. The measured air demands were 
approximated by an equation of the form: 
fJ (2.129) 
where Fr = Froude Number (u/[gh]~) 
h = height of flow at ramp 
The first term on the right hand side describes the effect of flow velocity and 
the second term the effect of the sub- atmospheric pressure in the air cavity. 
The factors aI, a 2' a 3 and a 4 depended on the geometry of the aerator. Use of 
a dentated ramp upstream of the slot reduced the tendency for (3 to decrease as 
the pressure difference op was increased (Le. it had the effect of reducing the 
value of a 3 in Eq (2.129). Since the test was carried out on a sectional model, 
it was not possible to determine directly the total air demand for an aerator 
spanning the full width of the spillway. The problem is complex because the 
pressure difference op in the air cavity varies with transverse distance from the 
duct in the side walls of the spillway. Low describes a theoretical model of air 
supply system which enables the total air demand to be calculated using the data 
from the sectional model. Measurements were also made of the vertical 
distribution of air in the flow downstream of the aerators. These showed that the 
air concentration close to the bed decreased fairly rapidly downstream of the 
reattachment point of the flow. In model terms, the concentration at a height of 
10 mm above the bed decreased to c = 10% within a distance that varied from 
about 0.1-1.0m for Froude Numbers between Fr = 7.0 and 13.4. 
Bruschin (1987) proposed an alternative type of entrainment function to 
that given by Eq (2.122). The characteristic length is postulated to be a certain 
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"roughness" index 6 rather than the cavity length L. The value of {) represented 
a kind of boundary layer thickness. The proposed equation has the form: 
6 ( v - vk ) (2.l30) 
Use of some prototype data, togather with an assumed threshold velocity of vk = 
1 mis, gave value of {) = 0.2 - 0.4 m. The factors which may influence {) 
were not discussed. 
Glazov (1985) carried out a study of ramp aerators at San Roque 
chute spillway. The main parameter of the study was to determine the 
air- capturing ability of flow. According to Glazov's, the velocity of air entrained 
by the flow is practically equal to the velocity of water, and therefore the 
volume flow rate of air being carried away from the under- nappe cavity of 
width b can be taken proportional to its concentration in water- air layer at the 
end of the under- nappe space as shown in Fig 2.32. The air entrainment rate is 
given by, 
where b 
ha 
b u f S (h) dh 
o 
width of the channel 
u mean velocity 
(2.l31) 
ha is the thickness of the water- air layer in a cross section normal to the 
direction of the mean velocity u of this layer and passing through the point of 
intersection of the lower boundary of the nappe with the bottom of the water 
conduit behind the ledge: S is the time average local concentration. 
P. Rutshmann (1988) also analysed laboratory results for different 
aerators and obtained the results, 
(J 0.1135 Fr + 0.3820(w/d) 1 .S + 15.51 tan ~ - 0.9029 (2.132) 
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where (3 = air entrainment rate ('la/qw) 
Fr = Froude Number u/[gh] ~ 
w = over all step height (hr + hoS> 
d = depth of flow 
This results applies for a channel slope of 0 = 34.5 0 and specifically assume 
that the cavity pressure Ap = O. Rutschmannls Eq (2.132) does not give sensible 
values of (3 when applied to the types of aerator studied by R.P.May (1987). This 
appears to be because of the term (15.51 tan<l» considerably over estimate the 
effect of ramp angle <1>. 
H.Chanson (1988) carried out experimental study on spillway model of 
Clyde Dam New Zealend. The main aspect of his research was the air 
concentration downstream of ramp. According to Chanson IS that the rise velocity 
of a spherical air bubble (diameter db> subject to such a negative pressure 
gradient in the cavity, becomes a fall velocity and given by, 
4 g db Pair 
u 2 r Pn CosO + (2.133) 
3 Cd Pw 
where 
ur = bubble rise velocity 
db diameter of air bubble 
Cd = coefficient of drag 
8 = chan eel bed slope 
Pn = pressure gradient ( Ap/pgd ) 
d = characteristic depth d = f (l-c)dy 
R.P.May and A.P.Deamer (1989) carried out Laboratory experiments at 
Wallingford. Measurements of air demand were made using four design of aerator 
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at two channel slopes for a ramp of flow velocities and depth with different 
head- loss characteristics in the air supply system. The results showed that the 
values of air demand ratio (3 (C)a/qw) is increased by increasing, 
a). The Froude Number Fr of the flow 
b). The height of the ramp (hr) 
c). The slope of the ramp ¢ 
d). The slope of the channel bed 8 
R.P.May agrees with the available formulae suggested by Pan and Sho 
in Eq (2.124). The advantage of the Eq(2.124) seems to be that it does not 
require information about the length of air cavity, but still needs to be developed 
in order to take into account the head- loss characteristics of the air supply 
system. 
The experimental study at McPhee Dam USA and Tarbela Dam 
Pakistan will be discussed later in section 2.7. 
It has become clear in this section that there is a wide range of 
functional relationship to predict the air uptake at aerator ramps. The most 
common form is, 
K u L (2.134) 
which has the disadvantage of L being unknown, but calculable as a rough 
estimate from projectile type theory. The value of K turns out not to be 
constant, but varies over a wide range depending on spillway surface roughness, 
cavity under pressure .o.p/pgh, Froude Number of the flow, Reynolds Number, etc. 
One of the main aims of this work therefore is to produce a better 
functional relationship based on turbulence measurements, which covers both 
model and prototype situations and also accounts for cavity under pressure. 
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2.5.4 Plunge point air entrainment. 
At jet plunging into a receiving pool of water has the ability to 
entrain substantial quantities of air. The physical mechanisms have been outlined 
in section 2.5.1. This type of aeration is not important in ramp aerators but it 
does have some relevance at the jet impact point on the spillway surface, where 
a reverse roller may form producing a kind of plunge point entrainment. 
The general expression for plunge point air entrainment is of the 
form, 
ex: u {) (2.135) 
where 0 is the size of jet surface disturbance which may be correlated with the 
jet velocity {) ex: U 2, or with the distance from the commencement of the jet 
{) ex: Ln. In either case, the size of the surface disturbances is closely related to 
the internal turbulence levels in the jet, as well as the degree that the jet has 
broken- up or disintegrated during its plunge. (Most aerator ramp jets have value 
of Vh less than 20, and hence are still relatively intact at the impact point on 
the spillway surface). 
McKeogh and Ervine (1981), studied plunge point aeration by circular 
jets and determined the effect of jet condition on air entrainment rates. It was 
found that the maximum entrainment rate was reached when the jet had just 
disintegrated. After this point the jet broke up into discrete droplets, lost 
momentum to the surroundings and entrained less air. An empirical relationship 
was determined to predict the rate of air entrainment by considering air being 
carried along in surface disturbance of the jet and in a boundary layer 
surrounding the flow as shown in Fig 2.33. The jet surface undulations where 
found to increase with fall height and turbulence level, until at break up point 
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they were approximately equivalent in size to the jet radius. The best fit for all 
results gave the following expression of air water ratio (Qa/Qw)' 
1.4 [ (E/r)2 + 2(E/r) - 0.1 ]0.6 (2.136) 
where f = surface disturbance on jet surface. This relationship is not practical 
for use, however, as fir is not known at given point. Bin (1984) has correlated 
experimental data for circular jet air entrainment from Van de Sande (1974), 
Cumming (1975), Ervine et al (1980), Henderson et al (1970), Kumagai and Imai 
(1982) and Van de Donk (1981). For vertical circular jets the air/water flow rate 
was given by, 
(2.137) 
where Fri is a Froude Number based on impact velocity ui and nozzle diameter 
Do' and L is the plunge length. (Fq = Ui/ [gDo]1 ). 
The correlation is shown in Fig 2.34 and the test parameters for each 
author are given in Table (2.3). Equation (2.137) gives satisfactory agreement 
provided UD 0 ~ 100 and the nozzle length > 10 outlet diameters. 
Most of the jets in the data correlation are of relatively small scale, 
and thus viscous and surface tension forces must influence not only the nature of 
the surface of the plunging jet but also the inception condition for entrainment. 
Presumably it can be argued that the parameter (UD 0) reflects growing jet 
surface roughness and break up. Initial turbulence intensity is also omitted, but 
Bin (1984) indicates the sensitivity of the data correlations to the length of the 
jet nozzle, which in turn reflects the development of turbulent boundary layers 
with in the jet at the point of entering the atmosphere. 
As the velocity and turbulence level of the jet increases, the air 
entrainment mechanism changes. At low velocity air is supplied from surface 
Literature Review 110 
disturbances and an air boundary layer as shown in Fig 2.33. At higher velocity 
the air entry becomes more continuous from an air layer above the jet surface, 
and in some cases from within the jet itself. The mechanism for a high velocity 
wall jet is shown in Fig 2.35. Considering the Froude models tend to 
underestimate prototype air/water ratios, due to non simulation of turbulence 
scales and pertinent forces, Ervine (1985), investigated the effect of increasing 
velocity and geometric parameters to find a more relevant air entrainment 
expression. With increase in impact velocity (Ui) it had been found from previous 
experiments, that the functional dependency of the air entrainment rate into the 
pool altered. Holding falI height and jet dimensions constant, at low velocity the 
air entrainment rate (Qa) was found to vary with (UJ n, (n= 2 to 3), while at 
higher velocity it was better correlated with (UU n, (n = 1 to 2). The effect of 
jet break up length LB, was incorporated, from research by McKeogh (1978), to 
obtain an expression for the air entrainment rate. For vertical circular jets, the 
air flow entrainment rate is given by, 
(2.138) 
where Ui = velocity of flow at nozzle 
do = diameter of the nozzle 
L = jet fall height 
LB = jet break- up length 
where n = 2 to 3 at low velocity 
n = 1 to 2 at high velocity 
From the generality of the above expression it is obvious that a great 
deal more research into plunging jets, particularly at large scales and velocities, is 
required to utilize this form of analysis. However, it is clear from the most 
recent work by Thomas (1978), Sene (1984) and Ervine and Falvey (1987), that 
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the ratio of air/water «(3 = Qa/Qw) for a plunging jet varies primarily with 
plunge length (L) in the form; 
fJ or: f(Tu) (2.139) 
where do is the nozzle diameter. and Tu is the jet turbulence level. All of these 
authors above have suggested constants of proportionality to substitute for the 
turbulence function . For circular jets of high turbulence; 
fJ = 0.3 (Lido)! [valid for Lido < 100 ] (2.140) 
for circular jets at low turbulence. 
fJ = 0.15 (Lido)! [valid for Lido < 400 ] (2.141) 
From the range of applicability of the above expression it can be seen 
that the upper limit of (3 at the impact point is approximately 3 for circular jets 
plunging vertically. A practical example of utilising the break up process and air 
entrainment is shown in work by Mason (1983). Investigation took place into the 
effectiveness of splitter teeth on dam spillway crest as shown in Fig 2.36. Impact 
forces on the pool floor are minimised due to this arrangement by splitting the 
spillway flow and causing the interaction in the atmosphere. at the optimum 
operating condition. This process helps to break- up the concentration of the 
falling flow. increases the turbulence level. and entraps a substantial amount of 
air. The remaining flow falls as disseminated spray onto the pool below. Mason 
(1983) cites Victoria dam as an example of pressure reduction using this system. 
All the examples of plunge point aeration above have been more 
relevant to steep or vertical jets plunging through the atmosphere. Many authors 
have investigated more shallow sloping situations such as hydraulic jumps. siphons. 
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etc, where the jet is often entraining air by the upper surface only, with the 
bottom surface supported in many cases by the solid boundary. In this case it has 
been found that the best correlation have been in the form, 
or (2.142) 
Kobus and Rao (1975), Casteleyn, VanGroen and Volkman (1977), 
Goldring (1979), Ervine and Ahmed (1984) and Sene (1984) all come to the 
same conclusion. 
The earliest correlation of this type was proposed by Renner (1975) 
and is the closest physically to the plunge point in a ramp aerator. The 
experimental set up is shown in Fig 2.37 with a horizontal rectangular jet 
impinging horizontally on to an inclined wall. Renner changed the wall angle 
from 45 0 to 90 0 to give air/water ratio fJ ranging from 0.00172 Fr 2 to 0.00275 
Fr2. 
2.6 DESIGN ASPECTS OF AERATORS. 
2.6.1 Introduction. 
If the tolerance on the sudace finish required to avoid cavitation are 
too severe to be practicable, and there is not enough self aeration, possible 
damage to the channel may be prevented by using an aerator to supply air 
around the perimeter. The air can be pumped under pressure, but nearly all 
aerators work by creating a suction which is used to draw the air naturally from 
the atmosphere. Such aerators consist of an offset or deflector which causes the 
flow to separate from the sudace of the channel and form a large air cavity. 
The water passing over the cavity entrains air strongly, and thereby produces the 
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necessary sub- atmospheric pressure. 
Aerators are often located immediately downstream of gates in 
high- head tunnels in order to protect the walls and floors from cavitation 
damage, and these operate in a similar way to aerator in spillways. Ducts may be 
used to supply air to an offset in the floor or, for example, to the seating of a 
radial gate with recessed seals. For tunnels flowing partly full, a more common 
arrangement is to form, just downstream of the gate, a vertical U- shaped slot in 
the walls and invert so as to allow air from above the water surface to reach the 
invert. 
In terms of the best location for an aerator, it should be considered 
as a possibility as soon as the cavitation index (section 2.3.1.) drops below 0.25. 
Falvey (1990) quotes a cavitation index of 0.2 as being tigger point for the 
inclusion of an aerator, but the final choice is also determined by the tolerance 
of the surface finish and trying to minimise the number of aerators to be used in 
series. 
2.6.2 Typical geometries used. 
Aerators can consist of deflectors, offsets, and slot used either singly 
or in combination. The elements of some typical designs are shown in Fig 2.38. 
Deflectors tend to produce strong aeration, but may disturb the flow considerably. 
An offset causes less disturbance but needs to be larger than a deflector in 
order to provide the same air demand. If an existing structure requires 
modifications to prevent cavitation damage, it is usually easier to incorporate a 
deflector than an offset. Means of supplying air to an aerator include ducts 
discharging air at the base of the side walls or at points across the floor of the 
channel. Alternatively, deflectors and offsets in side walls can be added so as to 
allow air to reach aerators located in the channel floors. 
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Means of air supplying to aerators are shown in Fig 2.38 are: 
1). Use of a separation zone formed downstream of a pier or divide wall. 
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2). Offsets or deflectors at the side walls which allow a flow of air from the 
surface to the floor of the channel ( Self aeration ). 
3). Ducts discharging air at the base of the side walls. 
4). A duct beneath the floor of the channel connecting to a horizontal slot or to 
the downstream face of a vertical offset. 
The design of each aeration system tends to be specific to the particular 
application, and the data available from some prototype structures. 
2.6.3 Ramps and Offsets. 
According to practical consideration, aerators should entrain a large 
quantity of air, so that air concentration is evenly distributed over spillway width 
and along the length of channel. 
The aerator should be simple and economical in design, and it should 
also prevent any erosion damage to itself. According to the previous study in this 
area, there are few shapes which are commomly used as aeration devices. These 
are offset (steps), deflector (ramps), grooves (transverse galleries). 
The purpose of ramp is to lift the flow away from the lower boundary 
of the chute or spillway. By lifting the flow away from the boundary, it forms a 
free trajectory allowing the underside of the nappe to become aerated. When flow 
once again rejoins the boundary, it should have entrained enough air to protect 
the downstream flow surface from cavitation damage. The water trajectory is a 
function of the following parameters as sketched below: 
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1). hr = height of the ramp. 
2). h 3 = depth of the flow at the ramp. 
3). $ = slope of the ramp. 
4). lr = length of the ramp. 
5) . Ap = pressure difference underneath the nappe. 
6). u 3 = average velocity of water at the ramp. 
7). u' 3= longitudinal turbulent velocity component at the ramp. 
8). Wi 3= normal to bed turbulent velocity component at the ramp. 
The height of the ramp hr and angle of ramp ¢ are the main factors 
to adjust the nappe length according to the requirement of air uptake by the jet. 
Several methods are available to determine the jet trajectory. Wei & DeFazio 
(1982) used a finite element method to solve the Laplace equation for flow over 
the ramp. This method produces excellent results for both ramps and free 
overfalls. In addition to solving for the jet trajectory, the pressure distribution 
around the ramp is determined. Knowledge of the pressure distribution is valuable 
for design of chute training walls in the vicinity of ramp. 
The trajectory angle needs to be corrected when the ramp height is 
less than one- tenth of the flow depth or when the angle between the ramp and 
the invert is greater than 20. Based upon the studies of Glazov (1985) and Pan 
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et al (1980), an accurate method for determining the jet trajectory without 
needing a finite difference programe can be achieved as; 
d 2 x 
-+ C~ x -Cn ( gt + u 3 sfnOe ) (2.143) 
dt 2 
and 
d 2 y 
--+ C~ Y (2.144) 
dt 2 
where; 
Cn pressure factor = ( Pa - Pj )/ P q 
g = gravitational constant. 
Pa = atmospheric pressure. 
Pj = Pressure under the jet. 
q = unit discharge of water. 
u 3 = mean flow velocity at ramp. 
0e = angle betweeen the tangent to the nappe at ramp and horizontal. 
p density of water. 
The angle Be' is determined by using the factor "Ar" given in Fig 2.39. This 
angle, in terms of the invert and ramp angle, is given by; 
Of (l-Ar) + Ar8 0 
where 
Ar jet trajectory coefficent from Fig 2.39. 
8' 1 = 
= 
angle between invert and horizontal 
angle between ramp and horizontal 
(2.145) 
Through the proper choice of ramp angle and height, it is possible to 
cause the trajectory to impact the downstream chute at any desired location. 
Generally, the trajectory should impact downstream of the area that has the 
smallest value of the cavitation index of the flow. In some cases, this is 
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impossible because the smallest values occur downstream of the vertical bend of a 
tunnel spillway. The trajectory should be chosen so it does not impact within the 
vertical bend because this usually causes the formation of fins which lead to poor 
downstream flow conditions. An impact location in an area having an extremely 
small cavitation index is acceptable because the surface downstream of the impact 
area will be adequately aerated. For a first rough approximation of the jet 
trajectory, use the following equation: 
(2.146) 
where ; 
X. 
I = horizontal distance from end of the ramp to jet impact point. 
o· I = angle between downstream chute and horizontal. 
Eq (2.146) neglects both the reduced pressure under the nappe and the relative 
ramp height effect. In circular tunnels, the ramp height must be tapered around 
the circumference from a maximum value at the invert to zero at or above the 
point where the free water surface, at maximum discharge, intersect the tunnel 
wall. Without the taper, the fin size increases as the discharge increases. At large 
enough flow rates, the fin can fold over and choke the tunnel. With a tapering 
ramp, the upper portion of the jet is subjected to less contraction than the lower 
portion of the jet. Because of this, the angle where the jet impinges on the 
tunnel wall decreases as the flow rate increased. 
A further development of the prediction of the jet trajectory is 
proposed in this thesis and is based on the turbulence measurements to be carried 
out along the ramp. It involves the outward component of turbulence velocity w' 
acting normally to the longitudinal velocity of the jet to form a resulting jet 
spread as sketched below, 
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The resultant component of velocity is as sketched above and produces 
a shorter jet length than computed by normal means. This idea will be discussed 
further in chapter 7. 
As a general rule the slope of the ramp relative to the spillway slope 
ct>, is less than 10 0 , although there are some prototype structures with ct> values 
up to 15 0 • The ramp height is usually quite small and often less than O.5m 
prototype. Relevent data are shown in Table (2.4) showing dimensions of both 
prototype and model studies known to the author. 
2.6.4 Air Vent design. 
Several methods have been devised to vent air from the atmosphere to 
the underside of the nappe as shown in Fig 2.39. These includes the following: 
1 ). Ramps or deflector on. side walls. 
2). Offset sidewalls. 
3). Piers in the flow. 
4). Slots and ducts in sidewalls. 
5). Duct system underneath the ramp. 
6). Duct system downstream of ramp. 
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Ramps or deflectors, offset sidewalls, and piers in the flow are 
frequently used to supply aeration downstream of control gates. Normally, these 
air vent types are not used on wide chutes because the required offsets are 
impractical from a construction or structural point of view. Slots in walls as 
shown in Fig 2.38(b) are used in control gate structures. This solution lends itself 
to cases where installation in existing structure is required. The downstream end 
of the slot may be offset in conjunction with deflectors to keep water from 
entering the slot. If the cross sectional area of the slot is too small, water and 
spray will be pulled into the high velocity airstream flowing in the slot. The 
result will be insufficient air to protect the flow surface on the chute floor. Ducts 
through the sidewall as shown in Fig 2.38(e) are used on wide chute when the 
required slot size or sidewall offsets are excessive. A duct is a closed conduit 
which may have a rectangular or circular cross section. In area where freezing is 
a problem, ducts are routed through an embankment. This prevent the formation 
of ice plugs in the duct during times when water may be standing in the chute 
area. 
A duct, under the ramp as shown in Fig 2.38(f), is used on wide 
chutes or in installations where a hydraulic jump may cover the ramp. In both 
cases, the system of ducts and vent ensures adequate aeration of the jet 
undernappe. A duct downstream of the ramp as shown in Fig 2.38(g) used when 
the ramp height is too small to allow adequate venting. This scheme also 
simplifies construction. However, a drain for the duct must be provided to keep 
the duct free of water. Leakage and extremely low flow would tend to fill the 
duct on flat chutes if drainage is not provided. When operating the chute or 
spillway, air will enter the aerator not only through the duct but also through the 
drainage gallery. In circular conduits on steep slopes, filling of the duct is not 
normally a problem because only a small portion of the duct can contain water. 
The air duct for circular conduits is commonly called an aeration groove or air 
slot. 
Literature Review 120 
In some cases, an air duct design having a direct connection to the 
atmosphere is not feasible . This is true especially with tunnel spillways and 
control gates located in outlet- works tunnels. For these structure types, 
ventilation is supplied to the duct above the flowing water. If space above the 
free water surface is too small, pressure under the nappe may begin to fluctuate . 
Criteria for the air space above the flowing water have not been established. 
Presently, physical model studies must be used to investigate ventilation adequacy. 
In terms of air duct or air vent sizes, typical examples are given in 
Table (2.5). The aim is to make the air vent large enough so that air velocities 
are not encountered and so that the pressure under the jet Ap does not fall too 
far below atmospheric. If Ap is significant than the jet reduces in length and 
entrains less air into the aerator. Typical values of Ap can be given in the form, 
o ~ 0.5 (2 .147) 
pgh 
where h is the water depth at the ramp. 
The value of Ap can be estimated from Bernoulli's equation and 
sketched below for typical case. This will be covered in more detail in Chapter 
7. 
Entrance 
v , 
t 
I 
z, 
. h Water jet 
Z =0 .0 - .. ! .. _ .. -
2 Ap 
cavity 
I 
--_ .. '--
, 
distribution 
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Applying Bernoulli's equation at inlet and exit of air vent 
At Entrance At Exit 
P, v 2 P2 V 2 , 2 
+ 
-
+ Z, + --- + Z2 + hI (2.148) 
Pag 2g Pag 2g 
re-aranging 
P, P2 V 2 V 2 2 , 
- --- + Z2 - Z, + hI (2.149) 
Pag Pag 2g 2g 
6p V 2 2 V 2 2 
6h - + ( k, + k2 + k3 + k4 )- (2.150) 
Pag Pag 2g 
assuming v 2 = va 
and J(d - (1 + hI) 
v 2 a 
6p Pa --- (J(d) (2.151) 
2 
where, 
Pa = air density 
va = velocity of air Oaf Aa 
Aa = area of the side duct 
Kd = the total head loss in the side duct estimated from ( D.S .Miller, 
1978, or I.E Idelcik 1969 ). 
e.g 0.5 For Foz-do-Areia disign with bell mouth shaped 
inlet and rounded 90 0 bend in the air shaft. 
1.0 For rectangular inlet area with bell mouth shaped 
inlet and rounded 90 0 bend. 
2.0 For rectangular inlet area with out bell mouth 
shaped inlet and with out rounded 90 0 bend . 
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Typical values of K are given below varying from to 0 .5 2.0 . 
These includes entry losses to the air vent system, bends losses and friction 
losses . 
There is now considerable discussion as to the best method of 
modelling the air flow, once it has entered the cavity under the jet. The reason 
for this discussion is the non- uniform distribution of air flow across the spillway 
width as sketched above. Most models assume that air has a uniform distribution 
in the cavity providing uniform entrainment into the underside of the jet. 
In an effort to produce more realistic model Rutschmann and Vol kart 
(1988) proposed an analogy for air distribution of a manifold pipe with various 
offshoots shown in Fig 2.40. 
Rutschmann and Volkart's manifold model provided a useful begining 
point for predicting the distribution of air flow with spillway width . Its basic 
concept however has been challenged by Frizzell (1988) (private communications), 
who embarked on a two- dimensional numerical model simulation of air flow 
patterns in the cavity under the jet. 
Considering the plan view only, a schematic representation is given 
below revealing a large air flow circulation in plan view, which is considerably 
removed from manifold model discussed above . 
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In conclusion, according to Vischer et al (1982) it should be noted 
that the final air flow occuring in an aerator ramp system depends on the 
balance between the air pumping capacity of the jet and the supply air vent 
characteristics. This is sketched below, 
.op 
............ 
. ' . 
point l' 
Characteristic of air slot 
Characteristic of the 
air supply 
2.6.5 Longitudinal spacing of aerators. 
The longitudinal spacing of aerators is one of the fundamental 
questions of aerator design, because it brings into question of behaviour of air 
bubbles downstream of a ramp, their natural rise due to buoyancy, the ability of 
turbulent eddies to keep air bubbles near the solid bed and how this can be 
modelled. 
This phenomena gives rise to a scale effect, as sketched below. Models 
and prototypes entrain air bubbles of comparable size and hence they have 
comparable rise velocity vbr· The forward mean flow velocity is much less in the 
model compared to the prototype, suggesting much faster bubble release in the 
model. 
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In prototype Up/Ubr is typically 100 whereas in a model it is typically 
Wood (1984) has attempted a numerical model of bubble diffusion and 
advection downstream of a ramp aerator. This model is based on the premise 
that air bubbles can be assumed to behave like water molecules and hence 
turbulent diffusion might be represented by an eddy viscosity concept where the 
velocity is substituted by the air concentration. The turbulent diffussion is outlined 
in detail in section 2.2 .6. 
Wood (1984) presented the results for a 45 0 spillway with water 
velocity of 30m/sec and bubble rise velocity of 0.2 m/sec are shown in Fig 2.41. 
The Fig 2.41 shows that the velocity distribution in the flow is logarithmic and 
the diffusivity distribution is parabolic. 
This approch by Wood is the most useful in determining longitudinal 
aerator spacing. It enables air concentration at the solid boundary to be predicted 
in the downstream direction, starting off with a large source of air concentration 
at the aerator itself and showing the distance downstream where concentration 
drop to unacceptable levels, say below 5%. 
In the absence of a numerical model, rough guide lines on the loss 
rates of aeration per meter downstream of the ramp have been observed. Prusza 
et al (1983) quotes aeration loss rates of 0.2% per meter (straight channels) 
whereas Semenkov and Lentjaev (1973) quote values as high as 0 .8% per meter 
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for straight channels. Such guide lines may then be applied to the approximate 
mean air concentration at the ramp given by the value of {3 to be determined in 
this research. 
(1 / (1+(1) (2.152) 
A more sophisticated approach has been advocated by Hamilton (1984) suggesting 
the mean air concentration at any distance x downstream of the ramp is given 
by, 
-0.017(X-X O) 
e (2.153) 
Cramp 
where x 0 is the jet length at the aerator. 
2.6.6 Design procedures for aerator ramp. 
The purpose of this section is to give a brief outline of cuurent design 
practice for aerators, and to show what improvement may be made in the light 
of the research work in this thesis. The following steps are recommended in the 
design of a structure where cavitation is one of the major aspect. 
1). Decide upon a preliminary design configuration of the structure. Include the 
alignment and profile, the capacity of the structure required to pass the maximum 
flows, and the location of ancillary structures such as diversion tunnels, plunge 
pool, energy dissipater etc. 
2). Study the cavitation characteristics of the structure. 
3). If air slot ramps is decided to install, use the computer programme in 
Chapter 7, to calculate the gradually varied water surface profile and find out the 
location of air slot ramps. 
4). Select the ramp angle and find out the jet trajectory by using same computer 
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programme as stated above. 
5). Select the optimum ratio of (3 (qa/qw) and find out the quantity of air 
entrainment required. 
6) . Adjust the ramp angle and the jet trajectory according to required air 
entrainment and get an operating point as stated in section 2.6.4. 
7). Analyse the bubble dynamics, distribution and concentration downstream of 
aerator. 
8). If air concentration reduces to less then 7% at the bed provide another air 
slot ramp. 
9). Repeat the procedure 3 to 8 until reached at the end of spillway. 
2.7 SCALE EFFECTS IN AERATORS. 
The main scale effects in modelling aerators are viscous and surface 
tension effects as characterised by Reynolds Number and Weber Number. The 
viscous effects manifest themseleves in the magnitude of turbulence in the range 
of eddy length required for air entrainment ( 1- 10mm ). The surface tension 
effect manifest themselves in the "resistance" of the jet free surface in being 
broken, to form spray (outwards) and air entrainment (inwards). 
For this reason Hunt (1984) first proposed the ratio of disturbing 
turbulent forces to restraining surface tension forces as a key parameter in 
determining whether a jet will spread, from spray or cause free surface aeration. 
Hunt proposed the outward turbulent pressure to be given by ~ pew') 2 causing a 
bulge in the jet free surface which is hemispherical in shape (an idealisation). 
The surface tension stress in the surface of the bulge is therefore 2alR, where R 
is the bulge radius of curvature 
~ p(W')2 
2u/R 
p R(w') 2 
4 u 
(2.154) 
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Therefore the ratio is very significant. 
Ervine and Falvey (1987) advanced this argument, showing that 
w' == O.4u I for a jet and the radius of the bulge is related to the air bubble 
diameter for an air entrainment (db). Subsituting suitable values in Eq (2 .154) , 
they showed that the value of u ' is the range 
u ' = 0.25 to 0.3 m/sec (for aeration to begin) (2 . 155) 
This can be translated into a mean velocity for aeration to begin, provided the 
turbulence intensity near the free surface is known. Falvey and Ervine (1988) 
show the upper free surface of chute to have a turbulence level around 5% 
longitudinally giving umin for free surface aeration around 5 to 6 m/sec (see Fig 
2.42) . 
For the underside of the jet in a ramp aerator, the value of 
longitudinal turbulence is often in excess of 10% giving mean velocities for 
aeration to begin around 2 to 3 m/s. Bruschin (1987) suggested the model 
prototype correlation as, 
(L) Vmin 
P - K ( 1 - ) (2.156) 
d V 
where 
V = velocity of water 
L ~ length of the jet 
d - depth of the flow 
Pp Vmin p I Vp 
P* --- (2 . 157) 
Pm 1 - Vmin ml Vm 
Vp - fA Vm 
where subscripts p and m stands for prototype and model. A is the geometric 
scale function. 
Although the criterion u'> 0.25 m/sec is useful as a guide for 
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inception of aeration. it represent only the threshold over which turbulence needs 
to go to sustain free surface aeration. It represent the restraining surface tension 
being overcome. but does not produce a definitive picture of scale effects for any 
given model study. 
Ervine and Falvey (1987) proposed that this is only possible by 
producing turbulent energy spectra over a wide range of eddy lengths. because the 
fundamental problem of scaling is that scale models have smaller turbulent energy 
in the range of eddy lengths required for entrainment. This is sketched below for 
a small scale model. a lan!e scale model and prototype structure. 
I WODEl. 
I 
1~"''''''I'''''''ftl i'·'" 10 ,.""" lor n 
r-------:------ ,,0M., 
increasing Reynolds Number 
model 
scale model 
, 
I.",m 
non dimensional inverse eddy length 
The shaded area under the small model spectrum above is very small 
compared to either the larger model or prototype. and hence is likely to have 
substantially less aeration. 
Until the process sketched above can be quantified. accurate scale 
effects assessment will not be possible. Some interesting studies on aeration scale 
effects were carried out by S.Pan and Y.Shao (1984) at Fengjiashan Project. 
According to dimensional analysis. Pan suggested that Reynolds and Weber 
Numbers should also be taken into account when modelling of air entrainment 
was made on a scale model using Froude law of similitude . 
Reynolds Number reflects the turbulence level of the flow . The 
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characteristic length contained in Reynolds Number should be the cavity length L. 
Plotting the experimental data of Reynolds Number ReL = ( v 1 U J') against the 
parameter ). = (3p1 (3m' Pan obtained a graph which shows that when 
ReL>3.5x10 6 in model and the value of ). approaches unity, scale effects can be 
neglected as shown in Fig 2.43. Furthermore , Pan and Shao ploted V 1 the flow 
velocity at different model scales verses ). = (3p!(3m shown in Fig 2.44. This 
clearly shows that when model velocity V 1 > 6 to 7 m/sec, the value of A 
approaches to unity; otherwise, it will increase rapidly as V 1 decreases as shown 
in Fig 2.44. 
Abelev et al (1983) compared model and prototype measurements of 
air demand in two gated tunnels, each equipped with an aerator. The scales of 
the models were 1 :34 and 1 :36, and it was found that the predicted air flow 
rates (based on Froudian scaling) varied from about 25% to 50% of those in the 
prototypes. 
Vernet & Larrea (1985) consider that air demand in tunnels can be 
predicted satisfactorily provided that scale of the model is not less than about 
1 :30. Model tests were carried out for a free flowing tunnel equipped with an 
aerator; the flow to the aerator was assessed to be about 20% of the total air 
demand. Using a model scale of 1 :25, it was found that the predicted flow rates 
of the air were about 90% of those in the prototype. Data from 1:6 and 1 :25 
scale models of an aera tor are presented by Galperin et al (1977). At low 
discharges, the air demand in the 1:6 model was up to twice that in the 1 :25 
model, but at higher discharges the two model gave the similar results. 
Quintela (1980) describes Russian studies carried out in connection with 
Nurek Dam USSR. Eight aerators were fitted to a tunnel discharging on to a 
chute spillway. Tests of a 1 :35 scale model predicted air demands that were only 
about 20- 25% of those subsequently measured in the prototype. Pinto & Neidert 
(1982) investigated the effect of scale when studying aerators for Foz do Areia 
Dam Brazil. Sectional models were tested in a 1 SO mm wide flume at a scales of 
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1 :50, 1 :30, 1 :15 and 1 :8; also a 1 :30 general model was used to reproduce one 
half of the prototype spillway which is 70.6 m wide. The predicted air demands 
(based on Froudian scaling) in the 1:8 and 1 :15 sectional models were found to 
be in good agreement with measurements made in the prototype. The 1 :30 and 
1 :50 models underestimated the entrainment, but the difference relative to the 
prototype became smaller as the water discharge increased. However, the results 
also show that the 1 :30 non- sectional but general model gave air demands that 
were only 40% of those in the 1 :30 sectional model. This suggests that the 
agreement between the two larger scale sectional models and prototype may have 
been enhanced by increased entrainment at the side walls of the flume. 
Zagustin et al (1982) and Zagustin & Castillejo (1983) carried out 
comparative tests on the ramp- type aerators to be used in chute no 3 of Guri 
Dam Argentina. Sectional models at scales of 1 :50, 1 :40, 1 :30, 1 :25, 1 :15 and 
1 :10 were installed in series in a 300 mm wide flume. Predicted air demands 
from the 1 :10 and 1 :15 models were found to be satisfactory agreement with 
prototype measurements, while the 1 :20 model gave values that were about 10% 
low. Since the width of each model was the same, the effect of the side walls on 
the amount of entrainment may have increased as the scale become larger. 
Measured cavity lengths in the 1 :50 model were found to be 20- 30% greater 
than those in the prototype; this was due to the fact that the amount of suction 
at the aerator was too small in the model. Evidence from studies of aerator 
suggests that they need to be model at larger scale than gated tunnels in order to 
give reliable estimates of air demand. Aerator entrain air strongly when the water 
surface above the cavity breaks up into a spray; it is likely that a higher velocity 
and level of turbulence are required to produce this spray than to draw air along 
a tunnel flowing partly full. 
McPhee Dam (USA) and Tarbela Dam (Pakistan) are the prototype 
structures which have been studied in this research. McPhee Dam was studied at 
USBR (Colorado) at a model to prototype scale of 1 :36. Measurements were 
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taken for piezometirc pressure profiles, cavity length under the jet, flow profiles 
and air demand through the vent. A comparision between model and prototype 
air demand is shown in Fig 2.45. The model air demand was increased 
considerably by increasing the turbulence, which reduces the nappe length. 
However, its prototype air demand was still higher. This may be the case of 
small scale model which cannot generate proper turbulence for the air uptake in 
the jet. Air demands for small models (scales less than 1 :15) can be brought 
closer to simulating prototype air demand by including extra turbulence in the 
model. 
Turbulence measurements in both model and prototype are needed to 
determine the turbulence level in the model that would correctly scale prototype 
air demand. 
Tarbela Dam (Pakistan) was model studied at Colorado State 
University, at a model to prototype scale of 1 :12. Comparision of model to 
prototype performance of air slot in tunnel 3 and tunnel 4 are shown in Fig 
2.46. Observation of tunnel 3 and tunnel 4 indicate that the airslots are 
functioning very effectively. At Tarbela Dam aspect ratio (B/h) is very small. 
Hence deep flow over a small ramp produces high turbulance and increases the 
air uptake ability of the jet. 
It is clear that scale effects in aerators are still not properly 
understood, although it appears that larger sectional model can reproduce 
prototype aeration. In most cases the sectional models had velocities greater than 
8 to 10 m/sec and also enhanced their aeration characteristics by side wall 
aeration which has relatively greater effect in a sectional model compared with a 
prototype structure. 
It was decided therefore in this thesis to devote some attention to 
aerator scale effects, based on turbulence measurements carried out in the 
Glasgow scale model, but also by comparing model and prototype data over a 
range of situations. 
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Air 
Slope Concentration c 
7.5 0 0.137 
150 0.245 
22.5 0 0.302 
30 0 0.410 
37.5 0 0.560 
45 0 0.618 
60 0 0.675 
75 0 0.715 
Table 2.2 The Variation of air concentration c with channel bed slopes 
Nozzel Jet Jet Reo Nozzle 
Author diameter length veloci ty range geometry 
range mm range mm range mm x 10" Lo/do 
Henderson 2.54to12.7 10 - 270 10 - 30 max 20 0,1, 10 
van de savde 1.95 to 10 100-400 3 - 10 max 5 50 
Cunming 4.5 to 9 100-800 1.3-8.7 1 to 8 0,5,10,80 
van de donk 10 to 100 260-1070 1.5- 11 13 - 40 2.2 - 22 
Ervine 6 to 25 o - 4700 2 - 6 2 - 10 1 - 4 
Kuinagai 2 to 8 20 - 800 1. 2 - 37 0.9 -15 50 
Notes: (i) All water/air systems 
(ii) Re 0 = Reynolds number at outlet 
(iii) L 0 = length of the cylinderical section of a nozzle. 
Table 2.3 Experimental conditions in different authors studies of 
air entrainment by plunging jets. 
DAM Width of Maximum Spi Ilway Ramp Ramp 
Spi Ilway discharge slope 8 slope ell height hr 
B (m) q;l (m2/sec) degree dE-gree hr (m) 
Foz-do-Areia 70.6 156 14.5 1.1 0.2 
Tarbela Dam 4.9 266 0.0 7.125 0.134 
Emborcacao 58.5 48.3 10.2 7.1 0.3 
Colbun 50 - 71 54.7 31 11.3 0.39 
Amaluza 72.1 18.4 66.8 
** ** 
McPhee Dam 18.3 7.75 16.6 6.4 0.91 
- -_.- -
Table 2.4 Data on Prototype aerators 
Offset Croove 
height height 
hoc (m) hor(m) 
-
1.3 
-
0.9 
- 2.8 
0.25 2.25 
- 2.0 
- -
---
Method of 
Air supply 
Lateral ducts I 
l 
Slot in Floor 
I 
Slot in floor I 
I 
I 
Lateral duct 
Slot in Floor 
Lateral duct 
t-< 
.... 
II) 
~ 
.... 
c: 
., 
II) 
~ 
II) 
< 
II) 
.: 
.... 
V.I 
V.I 
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Friction Total Critical Pressure 
loss loss pressure drop 
factor fL/De ratio Pj/Pi Kpa 
0.01 0.51 0.68 6.88 
0.1 0.6 0.66 6.67 
1.0 1.5 0.57 5.76 
10.0 10.5 0 . 36 3.64 
100.0 100.5 0.13 1. 31 
Table 2.5 Maximum pressure drop and air duct activity 
(Falvey) 
Plate 2.1 Glen Canyon Dam left Spillway tunnel 
llm deep Iwle (Sept 1983) 
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Max 
Ve I oc i ty 
m/sec 
87 
83 
62 
23 
4.6 
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Fig 2.1 
u = u + u 
t = time 
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3.1 INTRODUCTION: 
The main part of this work is an experimental investigation into the 
behaviour of ramp aerators. In some ways this is a strange choice of topic in 
view of the fact that numerous experimental studies had already been conducted 
at both model and prototype scale (Chapter 2) with apparently little advancement 
in numerical models which would adequately simulate the physical process occuring 
in aerators. What use. a further model study ? 
It should be noted that this research work in. fact commenced with a 
computer model of flow along a spillway and aerator, and which is outlined in Chapter 
7. The computer model uses standard techniques in determining the spillway water 
surface profile, boundary layer development and jet trajectory downstream of the 
ramp. It became apparent, however, that there were various gaps in our 
knowledge of the physical process involved, including:-
(i) how a ramp induces extra turbulence in an aerator jet 
(ii) the inter_relationship between air entrainment and turbulence in the jet 
(iii) the likely decay of turbulence in the jet downstream of the ramp 
(iv) the behaviour of entrained air bubbles once the jet has reattached on 
the spillway slope 
(v) scale effects between models and prototypes which were still not 
convincingly explained in many previous studies 
Item (iv) above was not investigated in this work because a full 
two- dimensional air concentration model would be required, and would constitute 
almost a full research thesis by itself. The other items (i) (ii) (iii) and (v), have 
been investigated in some detail, hopefully providing a much sounder basis for 
computer modelling, at least up to the point of jet reattachment on the spillway 
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surface. 
Other reasons for attempting this study concerned the fact that the 
author had spent two years at Tarbela Dam, Pakistan, and was aware of the 
cavitation- aerator situation; plus the fact that Dr. Ervine (Supervisor) had 
become interested in the McPhee Dam aerators (USA), whose behaviour on air 
uptake and model- prototype correlation had deviated from previous recognised 
norms. 
3.2 EXISTING APPARATUS 
The University of Glasgow had no existing apparatus for study of ramp 
aerators, but did have one high- head type rig used by Withers (1987) to 
investigate pressure fluctuations in a plunge pool due to the impingement of 
vertical circular jets formed by nozzles and orifices. The existing research 
apparatus is shown in Fig 3.1. It was decided at an early stage that the two 
outlet tanks, the high head pump and the existing pipework would be suitable for 
the inlet and outlet arrangement of the new spillway aerator model, the high 
head pump therefore being the limiting factor on discharges and heads available. 
This was a maximum discharge around 60 ~/s (0.06 m 3/S) providing velocities in 
the outlet jets well in excess of 20 m/s. It was decided also in the absence of 
large underfloor storage tanks to accept the existing recirculating flow system, with 
special care given to de- aerate the water flow in the two sump tanks. 
It was decided also for the initial period of research to use the full 
apparatus in Fig 3.1 to investigate turbulence in vertical circular jets as a prelude 
to turbulence study in the aerator jets after the rig had been modified. This 
initial work of the vertical circular jets was carried out immediately after Withers 
finished his experimental work and immediately before the rig was modified for 
spillway and ramp. 
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The existing rig consisted of a high head pump, already mentioned 
delivering a source of constant water supply to the jet nozzle. Water to the 
pump was supplied through the two sump tanks each of size 1 .84m long, 1 .22m 
wide and 1.02m high. The inflow turbulence of the flow through pipe was 
damped by the insertion of tube bundles in the pipe designed in accordance with 
B.S 1042. This removed axial swirl after the bend. A P. V. C pipe was used to 
supply the water to the jet, and was supported by scafolding frame work as 
shown in Fig 3.2. Flow measurement was done by means of an orifice plate with 
D and D/2 tappings, again designed in accordance to B.S 1042. To minimise 
head loss in the system the maximum diameter ratio for orifice, dID = 0.75 was 
selected. 
The jet velocity was varied by controlling the flow through a valve 
fixed after the pump. Three nozzles 78mm, S2mm, and 2Smm diameter formed 
the outlet jets and were machined from prespex as shown in Fig 3.3. One orifice 
of 2Smm diameter was machined from aluminum, which was designed according 
to the specification of BSI040 and shown in Fig 3.4. 
By testing nozzles and orifices over a wide range of velocities, an 
early understanding of turbulent behaviour in jets could be obtained. The nozzles 
represented low turbulence jets with a relatively thin initial boundary layer 
thickness, whereas jets for the orifice represented much higher turbulence levels 
that might be found in aerator jets. 
Although most work in the thesis involves turbulence measurements by 
LDA technique, this was not possible for the plunging circular jet because of 
their very rough jet surface. It was decided to use an existing turbulence probe 
designed by Withers instead. 
It was also decided that the degree of jet turbulence should be 
quantified by direct measurment at the different locations along the jet, both in 
the transverse (radial) and longitudinal directions. This was achived by means of 
the transducer turbulence probe and its associated electronic circuitry. 
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A description of the design and use of this instrument is given in section (3.5.3). 
3.3 DIMENSIONAL ANALYSIS 
Before moving to details of the design of the spillway and aerator 
ramp system, it was decided to carry out an initial dimensional analysis, to get a 
feel for the range of parameters involved; which parameters are likely to be 
significant, which are not; and which are outwith the scope of the experimental 
equipment. 
The geometry of a typical aeration system for a surface spillway is 
shown diagramatically in Fig 3.5. An aerator is located in the invert of a channel 
usually consist of a plain ramp, a plain offset or a combination of the two. In 
well designed aerator, water passing over the ramp forms a stable cavity from 
which air is entrained and carried downstream by the flow. 
Air for an aerator in the invert of a channel can be supplied naturally 
from the atmosphere by means of a system of ducts having outlets which may be 
in base of the side walls, in the downstream face of the ramp/offset or in a slot 
in the bottom of the channel. 
The performance of an aeration system may be expected to depend 
upon the factors given below. The seventeen independent parameters were chosen 
based on the initial physical understanding of the flow mechanism. Between them, 
they will determine the magnitude and extent of dependent variables such as 
air- entrainment, sub nappe pressure and length of the jet. Most of the 
parameters are sketched in Fig 3.5 
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Independent Variables. 
(i). The geometry of the Spillway and Spillway entrance. 
(J = spillway bed slope 
b = width of the channel 
ks = bed roughness 
Yg = gate opening at entrance pressure box Fig 3.6 
Lgr= length of channel from gate to aerator ramp 
(ii). The geometry and flow conditions at aerator ramp. 
ell = inclination of ramp (relative to spillway slope) 
hr = height of ramp 
hs = height of the offset 
u = velocity of flow (or total discharge Ow) 
h3 = depth of flow at the end of ramp 
(iii). The characteristics of air supply system. 
A<t = area of air supply duct 
Kct = total head loss coefficient in air supply duct 
Pa = density of air 
(iv). The fluid properties. 
(J = surface tension of water 
Pw = density of water 
g = gravitational constant 
168 
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"w = kinematic viscosity of water 
Dependent Variables 
CIa = air flow rate per unit width 
L = length of the water jet 
Ap = pressure underneath the jet (relative to atmosphere) 
w' = vertical turbulent velocity along spillway and ramp 
Dimensional analysis can be useful in identifying relationships between 
different factors, but it is important to realise its limitation in complex problems 
such as the present one. The variables can be grouped in many different ways, 
and it is usually difficult to establish which combination is most relevant to the 
problem. In this case the author has chosen flow depth h which is usually known, 
as the term on the bottom line. This was chosen in preference to L, the jet 
length which is unknown and a dependent parameter as well. 
Consideration of the process of entrainment resulting from flow over 
an air cavity suggests that the dependent variables such as airflow, underpressure 
and jet length, will depend primarily upon the following range of parameters. 
qa ' Ap , L ,w' - f ( 9 • b , ks ' Yg , Lgr ' ~ , hr ' hs ' u , 
(3.1) 
The above formulation illustrates range of parameters involved, and the 
complex inter- relationships which might exist between the dependent parameters 
CIa ' L , Ap and w' . The performance of an aerator is affected by the 
characteristic of its air supply system. If the head loss in the system is increased, 
the pressure in the cavity decreases further below atmospheric (i.e Ap increases); 
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this increases the curvature of the flow over the cavity and shortens its length L; 
this in turns reduces the rate of air entrainment <la into the flow, and so on. 
When analysing data from tests on aerators, it is simpler to adopt an 
overall situation of the problem and consider the dependent quantities as separate 
function of the independent variables. 
qa L 6p w' [~h ' uh pu 2 h b ks , (J , ¢l , uh h pgh u v (J h h 
hr hs Yg Lgr Pa b hr ] --- Kd ' --- (3.2) 
h h h h Pw Aa 
Considering each parameter in turn:-
u/./gh is the Froude Number and is important in determining the 
jet length L from ramp to reattachment point. In that sense, it will have a 
significant bearing on the air flow rate even though the air entrainment 
mechanism is Reynolds and Weber Number dominated. A typical range of of 
prototype Froude Number is 5 to 15. It is important to reproduce this range in 
the model. 
uhl v is the Reynolds Number and is important because of 
viscous scale effects which lead to aeration scale effects, and also to the inception 
of aeration problem in model aerators. The magnitude of turbulent fluctuations is 
also a function of the Reynolds Number. Prototype Reynolds Number can be of 
the order of 3 or 4 x 10 7 and hence cannot be reproduced in the model. It is 
important to have the model Reynolds Number as high as possible, at least 
greater than 105. The range of model Reynolds Number in this study was in the 
range of 3 to 7 x 105. 
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u j (pUtT) is an alternative form of the Weber Number used by 
Pinto (1982), and is a measure of the relative influence of surface tension at an 
air/water interface. It can be considered as a measure of the resistance of the jet 
surface to causing spray, spreading, air entrainment and jet break- up. In fact the 
Weber Number is as important in this type of flow situation as the Reynolds 
Number. A typical aerator prototype Weber Number can be as high as 1000 -
5000, although this is obviously not possible in a model. The model range in this 
study is around 100 - 300 with model velocities in the 5 - 10 m/s range and 
jet lengths in the 0.3m to l.77m range. According to Pinto (1982) surface tension 
is a factor in aerators for Weber Numbers up to around 150, which would 
include about half the data in this study. 
It is not possible to reproduce either prototype Reynolds Number or 
Weber Number in this experimental test. It was decided, however to make the 
model as large as possible (velocity and depth) to partially overcome this 
problem. 
In fact it is not even possible to examine Reynolds and Weber 
Number effects separately from each other without using different fluids. Because 
only air and water are used, therefore when one is varied then so is the other. 
8 is the spillway slope, which has some importance in this physical 
process. A review of prototype aerator spillways showed the value of 0 to varies 
from 0 0 to 70 0 with the median around 30 o. It was decided to adopt 4S 0 to 
best fit in with the existing pipe work arrangement. It was also decided to keep 
e constant throughout the work, following work at the USBR Denver which 
showed e not to be very significant in terms of the fundamental processes 
occuring. 
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<I> is the ramp slope relative to the spillway slope and was thought 
initially to be quite significant in the turbulence generation process in the aerator 
jet. Of course the value of 4> is very significant in the jet trajectory, although <I> 
values greater than 10 0 usually force the aerator jet too high off the spillway 
surface with the attendant potential for jet disruption and break- up. A <I> value 
of 0 0 was found to produce short jets with low aeration characteristics, so it was 
decided in this work to pursue the optimum range of 2 0, 5 0 and 10 0 used in 
prototype aerators. Three values of <I> were chosen based on the principle that 
any graphs plotted in the later stages of work investigating the influence of <I> 
would require at least three points to produce a graph or trend. 
blh is the aspect ratio of the model spillway and proved to be 
problematical in choice. There was a desire to faithfully reproduce prototype 
aspect ratios which are typically of the order of 30. Given the discharge available 
in the laboratory, this would have meant very thin aerator jets. On the other 
hand a move towards a sectional model with the flow available concentrated along 
a narrow model spillway gives better depths of flow, higher Reynolds and Weber 
Numbers but leaves the study open to criticsm about two elements:-
(i) The small aspect ratio in the sectional model does not reproduce 
secondary cells due to curvature, explained in section 2.4.2. Such cells are more 
prominent in wider channels. 
(ii) The small aspect ratio gives greater influence to side walls which may 
be responsible for additional air entrainment and have relatively greater effect 
compared to prototype wider structure. 
In the end, a compromise situation was reached with the spillway 
channel made lOOmm wide throughout giving aspect ratio around unity for the 
large depths of flow, but up to 10 for shallowest flows around 10mm deep. This 
was considered preferable to a channel width say of SOmm wide with flow depths 
up to 200mm, simply because of the two problems mentioned in (i)and(ii) above. 
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- ks/h is the relative roughness of the spillway channel and 
affects the friction factor A, the shear velocity u. (= ~ .r>J8) and hence the 
turbulent velocity w' which scales on the value of u •. w' is a key parameter for 
aeration and jet behaviour in the atmosphere. 
It was decide therefore to test two main ks values. The first was a 
smooth prespex surface (ks ::::: 0.0) which is a reasonable representation of a 
prototype concrete surface. This was done for all three ramp angles ell. The 
second was a rough surface with ks ::::: 0.35mm (equivalent roughness [smooth sides 
+ rough base)). This was achieved by a sand paper surface fixed to the perspex 
underneath. Such a large roughness was used to look at the effects of greater 
turbulence rather than representing a real prototype spillway surface. The large 
roughness test was carried out for one ramp angle of 5 0 only. 
hr'h is the ramp height to the flow depth ratio. Because the 
length of the ramp was kept constant and the three angle varied from 2 0 to 5 0 
to 10 0 , then three ranges of hr'h were achieved covering the broad range from 
0.1 to 0.3 which is compatible with prototype values shown in Table 7.1 to 7.5. 
hs/h is the ratio of offset height to flow depth. It was decided 
not to investigate offset ramps in this work and hence hs was always zero. This 
parameter was not considered a fundamental property of the system but 
sometimes necessary as a design feature. 
Y g/h is the ratio of gate opening to flow depth at the ramp. 
For each ramp geometry tested, it was decided to test three different gate 
openings namely 60mm, 90mm and 180mm. It should be noted at this point 
perhaps that a pressure box was required at the upstream end of the spillway to 
produce the high outlet velocities required in this work. The pressure box will be 
described in section 3.4.2. The outlet from the pressure box is controlled by a 
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sliding sluice gate, by which the initial flow depth at the start of the spillway 
could be varied. 
Variation of the gate opening Y g' varied the aspect ratio of the flow 
approaching the ramp, as well as the relative effect of the boundary layer 
thickness (OIh) developing along the spillway length. 
is the factor representing the length from the sluice gate 
at the spillway entrence downstream to the ramp. This length was kept constant 
at 1.9m (at the end of ramp) throughout, although Lgr"h of course varied from 
around 20 to 100. This length is important because it determines how developed 
the boundary layer is at the point of reaching the ramp, and hence the 
development of the vertical turbulent velocities w' . It should be noted that the 
key turbulent velocities in this system are those at or near the bottom of the 
flow and jet, which remain around the value, Wi = 1.3 U., extended right to the 
free surface, Davies (1972). 
Thus the parameter may not be as crucial as commonly thought, 
although early turbulence measurements showed fully developed turbulence at the 
ramp for most of the flows tested. 
In any case, most prototype aerators are installed with in 10 to 200 
flow depths downstream of the spillway enterance, corresponding roughly to the 
range tested in this work. 
Kd is the head loss coefficient of the air venting system and is 
determined by the design of the inlet duct including the flared entrance, type of 
bend, exit conditions and wall friction in the prototype structure. 
In the model tests it was decided to simplify this parameter by simply 
installing a straight pipe for air entry under the jet. The air flow would be 
controlled by a valve in the inlet pipe thus determining the Kd value for the air 
duct supply. 
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A further special set of tests were devised with Kd effectively zero. 
This was achieved by pumping air into the cavity and controlling the valve so 
that the sub- nappe cavity pressure waS atmospheric rather than sub- atmospheric. 
This will be discussed in section 3.4.6. 
Pa/Pw is the density ratio of air to water and was kept constant 
at 0.00123. 
w'/u A special point of interest is the dependent parameter w'/u 
which is the relative turbulence intensity normal to the spillway base, in the 
region near the ramp. 
This was one of the key parameters measured in this work along with 
air flow Qa, cavity under pressure ~p and resulting jet length L. Measurements of 
w'/u as well as u'/u was achieved by Laser Doppler Velocitimeter (Single 
component) representing the most novel feature of this work. 
In summary, all the parameters in Equation (3.2) were varied except 
spillway slope 8, offset height hs/h and air water density ratio Pal Pw- This 
represents a significant range of variable tested, but also makes the development 
of simplified functional empirical relationships more complex. 
3.4 DESIGN AND CONSTRUCTION OF SPILLWAY AND RAMP AERATOR. 
3.4.1 Introduction. 
Following on from the dimensional analysis, it was decided to proceed 
with the construction of the experimental rig containing the following elements:-
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__ the existing MYSON high head pump capable of delivering 60 R./s at a 
head of 20 m. 
the existing 6 inch PVC pipe work and gate valve described in section 
3.4.4 
to remove the 90 a bend of Withers apparatus and replace with 45 a 
bend leading to a pressure box. 
__ to install a pressure box or reservoir being completely water tight to 
heads of at least 20m. (section 3.4.2) 
__ to install a perspex rectangular shaped spillway leading from the 
pressure box to the sumps tanks. (section 3.4.3) 
to incorporate and LDA system for turbulence measurements together 
with instrument carriage capable of moving in all three dimensions. (section 3.4.5) 
to incorporate a range of equipment for air flow measurement into the 
air cavity, pressure measurement in the air cavity, jet length of the air cavity, 
etc. (section 3.4.6) 
to connect the LOA system to an existing system of data acquisition 
including transmition panels, AID converter, computer interface, storage and 
software (section 3.4.7.) 
3.4.2 The pressure box 
The pressure box was perhaps the most crucial piece of equipment in 
the sense that it was required to make the transition from the circular inlet pipe 
to the rectangular outlet spillway. It was required to make a change of alignment 
of 90 0 from pipe to spillway. It was required to take high heads generated by 
the pump of the order of 20m and still remain water tight. It was required to 
not generate extra turbulence which might be transmitted into the spillway flow 
and be mixed up in boundary layer turbulence. It was required to dissipate the 
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turbulence in the incoming flow from the pipe work and 45 0 bend. Its position 
in the rig is shown in Fig 3.7(a). It was required to produce smooth and high 
velocity flows into the spillway with no obvious disturbances or turbulence. 
The design was carried out by structural analysis taking into 
consideration of space, weight, and high water pressure inside the box during at 
maximum velocities and minimum gate opening. A 3mm galvanised sheet was 
required to withstand the water pressure delivered from the pump. A half inch 
angle iron frame work was designed to hold the joints of the box in order to 
avoid welding of the galvanised sheet. The top of the box was made with a hole 
of 6 inch diameter for the insertion of inlet pipe to the box. The front side of 
the box was fitted with two guided galvanised sheets as shown in Fig 3.6(b), to 
an opening of 100 mm wide and 180 mm high for outlet into the open channel. 
The outlet of the box was controlled by a mechanical operating gate of the same 
size of the opening. The dimension of the pressure box are 500mm long, 300mm 
wide, and 250mm high as shown in Fig 3.6(a). The guide sheets were essential to 
ensure transition to the high velocity spillway flow and were designed according to 
the US Army Corps of Engineers Design Guidelines for elliptical shaped transition 
pieces.(1964) 
The flow was allowed to enter in the pressure box from the top. The 
box and flow pipe waS connected by a 45 degree bend, which waS flanged on the 
top of the box with the help of a aluminum ring. The inside of the box was 
completely filled with a mesh of chicken wire, in order to reduce the generation 
of extra turbulence and to dissipate turbulence entering the box. The sides, top 
and bottom of the pressure box was bolted with nuts and bolts, for reopening if 
necessary to facilitate changes to the design. The box waS sealed with a gasket 
and white transparent silicon gel from all six sides and rendered completely water 
tight. The box was aligned at 45 degree with the channel slope by putting extra 
scafolding to hold it in position as shown in Fig 3.7(a). 
In effect the flow is required to turn through an angle of 135 0 to 
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reach the spillway. Several test runs were carried out and modifications made to 
ensure the smoothest flows into the spillway. 
3.4.3 The spillway flume. 
The spillway flume was constructed in perspex 12mm thick, and was 
made 3.5m long, this being the maximum distance from pressure tank to the free 
surface of the sump tanks below. This is sketched in Fig 3.7(a). 
The spillway was rectangular in cross section being 100mm wide and 
200mm deep and shown in Fig 3.8. It was built in three sections, two of which 
were 1 m long and the middle section 1.5 m long. They were joined together by 
means of splice plates. Great care was taken with the joints between the 1 m 
and 1.5 m long spillway sections, including rubber gaskets, and a special flush 
mounting technique to ensure no disturbance to the flow either on the base or 
walls. 
Once joined, the channel was further supported by 'U' shape 
aluminum rings for extra support. The channel was joined at the base with two 
half inch square hallow steel bars, from the pressure tank to the end of the 
channel. The whole assembly was supported by scafolding as shown in Fig 3.7(a) 
and Fig 3.7(b). The spillway cross- section is shown in Fig 3.8. 
Three diffrent ramp angles were constructed and placed in turn at 1.6 
m downstream of the gate. The ramp angle were 2°, 5 0, and 10°, and each 
ramp was 300 mm long, and made of prespex as shown in Fig 3.9(a), (b) and 
(c). A 90 mm dia of circular hole for air entry was made at the base of the 
channel just after the ramp. This circular hole was further attached to the air 
entrainment rig. A measurement tape was glued at the base of the channel for 
measuring the aerator jet length. The channel was provided with an instrument 
carriage for the use of Laser and optics along the channel length. The slope of 
Experimental Apparatus 179 
the channel was selected at 45 0 , due to the limitation of the space available in 
the laboratory. Four sections were marked in the channel upstream and down 
stream of the ramp for Laser measurements (as shown in Fig 3.5), of mean and 
fluctuating velocity, both in the longitudinal direction and direction normal to the 
spillway base. 
It should be noted here that considerable attention was given to the 
placing of the ramp downstream of the pressure tank. A distance of 1.6m was 
chosen, this distance being crucial in terms of boundary layer development of the 
spillway flow. 
Most open channel flow experiments require the flow to be fully 
developed before the measurement section. This is not the case for this type of 
spillway flow, simply because prototype aerators are placed where cavitation 
damage is likely and this is often long before fulIy developed turbulent flow is 
achieved. Nevertheless it was decided to investigate the likely boundary layer 
development in this kind of smooth perspex surface. 
The most suitable equation (described in Chapter 7) and used by 
Falvey (1987) for smooth surface is:-
0.38 
(3.3) 
x [ Rexlo.2 
where Rex is (v x)l" 
With x equal 1.9m at the end of ramp and flow depth from 10mm to 
80mm approximately, this corresponds to x/h values from 16 to 160 whereas xl {) 
values from Equation (3.3) vary typically from 50 to 100 showing the most of the 
shallower flows are fully developed but some of the deeper ones are not. This is 
typical of prototype spillways. 
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3.4.5 Water supply system. 
A recirculating water flow system was used through out all experiment 
tests. The water entered the supply system through at 6 inch diameter pipeline 
from a pump drawing from two sump tanks situated near the pump. The pump 
and tank is shown in Fig 3.10. With the pump capable of delivering a maximum 
discharge of 60 R./s (0.06 m 3/S). The flow was controlled by a 6 inch gate valve 
just after the pump. A 6 inch 90 0 bend section near the laboratory ceiling was 
followed by a straight section incorporating orifice plate. A calibrated orifice plate 
was placed in the supply line for water discharge (Ow) measurements. The 
piezometric head difference across the orifce plate was determined by means of 
both mercury and water differential manometers, depending on the flow rate. 
After the orifice plate, another 4S 0 P.V.C bend section was used to 
supply water to the pressure tank. The pressure tank was filled by chicken wire 
rolls to dissipate the extra turbulence generated from the inflowing water. The 
water received by the pressure tank and guided towards the outlet gate of the 
tank. Water passed through the sliding gate, (which was set to the required gate 
opening) into the channel, and from there it flowed as a super- critical gradually 
varied flow over the spillway and ramp. After forming a jet, the air/water 
mixture flowed to the one of the sump tanks and became de- aerated before 
going to the next tank for recirculating again. The schematic representation of the 
overall system is shown in Fig 3.7(a). 
Initial tests showed that entrained air bubbles were able to enter the 
inlet pipe to the pump, so it was decided to install a length of pipe, shown by 
the dashed pipe in Fig 3.7(a), which extended right into the centre of the pump 
sumps. This measurement ensured that no entrained air entered the pump. 
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3.4.5 The instrument carriage. 
All of the velocity and turbulence measurements in this research were 
carried out using a Laser system. It was crucial to have an instrument carriage 
for the Laser which could move in three directions with great accuracy. This was 
the most difficult part of the construction of apparatus. 
The principle of a Laser is to keep Laser and receiving optics aligned 
all the time, while taking readings. Therefore an instrument carriage was required 
which could move along the length of channel with its 45 0 slope, and also the 
platform should move up and down for taking measurments at different heights in 
the flow. As well as this, the Laser had to move horizontally by 100mm to 
measure at different widths into the flow. 
After consuming considerable time designing the traversing carriage, the 
technicians were able to construct a platform, made of wood and perspex as 
shown in Fig 3.11. The platform was joined together at the bottom but enabled 
the spillway to pass- up the middle of the carriage. The end of the carriage was 
fixed with two wheels at each side, which could easily slide over a rail. The 
whole system was balanced by a dead load weight system using a pUlly as shown 
in Fig 3.7(a). There were slow and fast moving arrangements in the platform for 
keeping it aligned at different heights. The carriage could easily move between 
the four sections previously selected for Laser measurements. The perspex 
platform above the wood was made to keep the platform level (horizontal to the 
ground ). There were two fixing screws at the end of each wheel for keeping it 
fixed in position while taking measurements. Fig 3.11 shows the final construction 
of Laser carriage. 
Flexible cables were used to enable the Laser to move from section 1 
to section 4 with signal sent back continuously to the computer interface. 
The four measurement sections are shown in more detail in Fig 3.5 
and were chosen section (1). 600mm upstream of the end of the ramp; section 
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(2), 300mm upstream of the end of the ramp at the start of the ramp ; section 
(3), at the end of the ramp; section (4), and 300mm downstream of the end of 
the ramp in the middle of the aerator jet. 
3.4.6 Apparatus for measurement of air entrainment 
Although a good deal of time was spent taking velocity and 
turbulence measurements using the Laser system, a significant proportion of time 
was also spent taking corresponding measurements of air flow Qa • jet under 
pressure in the cavity .op, and the jet length L. 
The principle used for the air flow measurements is sketched below 
and is based on controlled air flow rates entering the cavity at the underside of 
the aerator jet. 
Rotameters 
Air Blower 
. . " L' 
.:\ 
Control valves 
Air flow from an air blower was fed through a control valve through air flow 
rotameters, and then into a 90mm circular opening under the jet. The valve 
represented the main control on the air flow system , and ensured that any under_ 
pressure .op could be organised from zero downwards. Zero represents atmospheric 
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pressure under the jet and represents zero head loss through the air ducting 
system. 
A sketch of the apparatus for the air flow is also given in Fig 3. 7( a). 
As a general rule, three set of measurements were carried out for each flow 
(i) 6h - 0.0 (atmospheric) 
(ii) 6h is (maximum) 
(iii)6h - (6hmax /2) 
(iv) 6h either 6hmax/4 or 3 6hmax/4 
with the largest air flow. 
Air flow completely turned off 
with smaller air flow 
with a little less/more air 
Using this technique any air flow or any 6h could be achieved, 
although the test runs were carried out over the same range as prototype 
structures where 6h/h (6pl pgh) :::: 0.0 to 0.7, where h is the flow depth at the 
ramp. 
Measurements of air flow was achieved using three pre- calibrated 
rotameters. With the control valve upstream of the rotameters and a large 
diameter tube (50mm) used downstream, the head loss from rotameter outlet to 
the cavity was negligible. 
The scafolding frame served as an excellent support for the fixing of 
the rotameters for air flow measurements. Three rotameters were installed for 
measurments of air flow up to maximum discharge of 0.0175 m 3/S. The 
rotameters were attached to a blower at one end and on other to a circular hole 
at the base of the channel just after the ramp. The circular hole was covered by 
a flat plate with small holes as shown in Fig 3.12, thus ensuring a more uniform 
distribution of air entry to the cavity. A pressure tapping was made at the side 
of the channel to measure change in pressure under the nappe, and was used in 
conjunction with an inclined manometer as shown in Fig 3.13. 
The air flow rotameters were designed to be used at 15 degree 
centigrade to get accurate measurements. This was achieved by allowing cool air 
to enter the air blower, and also by allowing the air blower itself to cool before 
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starting a new series of tests. The total capacity of the three rota meters was 
enough to give zero under- pressure for most of the water flow test through the 
system. The arrangement of the rota meters is shown in Fig 3.14. 
The rotameter consisted of a mild steel channel with welded end 
plates, through which the connections are secured. The metering tube is held in 
simple quick release fixing and sealed with internal "0" rings in nitrile rubber. 
The flow scales are fixed on to vitreous enamelled plates which are pivoted to 
allow access to metering tube and accessories. The front of the rotameter is 
protected by a prespex dust cover. The accuracy of the rotameters used was 
±2%. 
It was decided to use an air blower in order to introduce air at a 
pressure equal to, or lower than atmospheric pressure at the under side of the 
nappe. An air blower (Model PI80-104- J803) was chosen, which can supply air 
in excess of 20 litre per second. This value was sufficient for most of the cases 
causing zero under pressure under the nappe, and was also adequate to cover the 
entire range of air/water ratios «(3) measured in prototype aerator structures. 
The outlet from the air blower was connected to a plastic pipe 
extending to the airflow rotameters where it is connected to a steel pipe with two 
branches, one for each airflow rotameter with a valve to control the air going 
through the system, and the other branch with a stop valve for controlling the 
excess pressure in the system. Fig 3.15 shows the air blower and its connection 
to the air flow rotameters. 
As mentioned before, the proposed air entrainment experiment requires 
the measurement of change of pressure under the nappe. The change of pressure 
was so small that an ordinary manometer can hardly identify it, so it was decided 
to use an inclined manometer with lighter If8ensity liquid. The purpose of inclined 
manometer was to magnify the Ah reading so that any small changes could be 
easily identified. A magnification of three times column height was selected, giving 
an angle of 18.43 0 for the manometer. A red coloured methyl alcohol (specific 
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gravity = 0.8) was used for measurements of pressure difference w.r.t 
atmosphere. The manometer was attached by a plastic tubing to a pressure 
tapping at the side of the main channel. Three different values of air supply 
were used to calculate three different changes of pressure under the nappe. Fig 
3.13 shows the connection of the inclined manometer with pressure tapping. 
3.5 INSTRUMENTATION 
3.5.1 Introduction 
The three main components of instrumentation are the orifice plate for 
discharge measurements, a mechanical turbulence probe for the initial turbulence 
tests in the vertical circular jet rig (already described in section 3.2), as well as 
the Laser Doppler System for velocity and turbulence measurement on the 
spillway aerator. 
It should be pointed out that the orifice plate and the turbulence 
probe both been designed, installed and calibrated by Withers (1987), so that 
their description in this section is a summary of Withers earlier work. It was 
decided in the event to recalibrate both devices. 
The Laser Doppler system on the other hand had been in the Civil 
Engineering Department since 1984 but had never been used until the start of 
this research work. This meant that a good deal of time needed to be spent 
understanding the Laser system, its mode of operation, and attempting to obtain 
reliable, repeatable measurements of turbulence from it. This proved to be a time 
consuming part of the work but proved worthwhile in the sense of using a new 
technique which did not interfere with the flow, and gave aerator turbulence jet 
measurements for the first time 
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3.5.2 The orifice plate and its re-calibration 
The simplest method of measuring discharge efficiently and cheaply was 
to use the type of orifice device outlined in BS1 042: part 1 :1964 and already 
installed and calibrated by Withers. The orifice had pressure tappings at a 
distance of D and 0/2 upstream and downstream from the orifice plate, where D 
is the internal diameter of the pipe. It was decided to recalibrate the device. 
An orifice plate is a circular disc with a hole of known diameter in 
the centre. The orifice plate is inserted onto the pipe line acting as a connection 
to the flow, and producing an energy or head loss as the flow passes through the 
throat of the orifice plate. This energy loss can be easily measured on the 
manometer by measuring the pressure difference between two pressure tappings 
upstream and downstream of the orifice plate. 
According to BS1042:Part 1 :1964, the discharge is given by 
Q - 0.01252 C Z £ E d 2 (3.4) 
where 0 is the discharge through the orifice in m 3/s, C is the basic correction 
factor, Z is the Reynolds number correction factor, £ is the expansibility factor 
which for incompressible flow can be taken as 1.0, E is a velocity of approch 
factor, h is the difference in pressure , between upstream and downstream 
pressure tappings at the orifice plate. Pw is the density of water and d is the 
diameter of the orifice throat. The following values for each parameter are given 
below and were calculated from methods specified in BSI042:Part 1 :1964. 
Pw = 998 kg/m 3 
C = 0.6064 
Z = 1.02 
E = 1.206 
d = 114 mm 
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and e = 1.0 
The above design procedure was used for designing 25mm orifice plate 
for initial turbulence measurements in circular jets as shown in Fig 3.4. The 
orifice plate used for discharge measurements was designed by Withers and 
sketched in Fig 3.16. 
If the water manometer was used to measure discharges in excess of 
30 lit/sec then the expected value of h would be too high, whereas if mercury 
was used at low discharges the h value would be too low. It was therefore 
decided to utilize two manometers, one containg water for measurement of low 
discharges, and the other containing mercury more suitable to measuring high 
discharges. 
An important point of consideration in the design of the orifice plate 
is the required distance upstream and downstream from the orifice plate to 
another device such as a pipe bend or a gate valve. The minimum distance 
required upstream and downstream was more or less satisfied. Recalibration of the 
orifice plate was carried out by measuring the volume of water passed through 
the spillway channel through integrated discharge. A section was selected in the 
spillway chute just after the gate outlet of the pressure box, and 12 different 
points were selected in a grid for measuring the point velocity using a Pitot tube. 
The 12 point velocities were integrated to give the total discharge Ow' The 
results of a number of such tests are shown in Fig 3.17 and it is clearly seen 
that for a wide range of discharges the orifice plate prediction of the discharge 
compares very well with the measured discharge. On the basis of these results the 
final relationship between head and discharge is: 
where 
Qw 0.1164 
Qw - 0.0333 
(.o.h
m
)O.494 
(.ohW)O.494 
(3.5) 
(3.6) 
.ohm = head difference of mercury manometer, and .o.hw = head 
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difference of water manometer 
Fig 3.17 shows the experimental calibration compared well with the 
theoretical head- discharge relationship from B.S 1042. The calibrated orifice was 
then used to determine the mean velocities in the spillway flume during the 
experiments. 
3 .5.3 Tranducer turbulence probe 
Some initial turbulence data was taken in the existing rig with circular 
nozzle and orifice outlet. Turbulence was measured using a crude total head 
probe. The total pressure probe, devised by Arndt and Ippen 1970, is capable of 
a flat response to total pressure fluctuations in the frequency range ( 0 - 250Hz) 
and therefore can be used for approximate turbulence meaurement. It comprises a 
total head tube connected to a pressure transducer. A schematic representation of 
the system in question is shown in Fig 3.18 . The types of transducer which are 
suitable for a turbulence gauge consist essentially of a metel diaphragm together 
with a method of measuring the deflection of the diaphragm under pressure. 
The frequency response of the system is given by 
1 
f (f) (3.7) 
{ 1 + ( fifo )4 } ! 
where F( f) = frequency response 
f = frequency 
f 0 = natural frequency of the system 
Since the membrane deflection is directly related to the electrical 
output of the transducer, it can be stated that frequencies below 75% of f 0 the 
response will be between 90 and 100% of the static response . In other words , 
there will be less than 10% distortion in a turbulence signal for frequencies lying 
below 75% of the natural frequency f 0 Arndt & Ippen (1970). The overall 
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natural frequency of the instrument. f o. in terms of natural frequency of the 
transducer. fd ' can be written in the form: 
(3.8) 
where: A1 = Area of chamber 1 as shown in Fig 3.18 
L 
= length of chamber 1 as shown in Fig 3.18 1 
1'/ = poisson's ratio 
E = young's modulus 
fd = natural frequency of the transducer 
It was required that the probe be suitable for use within the frequency 
range 0- 250 Hz. Hence, the necessary f 0 to give less than 10% distortion in a 
turbulence signal within this frequency range was approximately 330 Hz 
(operational frequency range is 75% of f 0)' Fig 3.19 shows the final design and 
dimensions of the probe as detailed by Withers (1987). 
The above designed probe was of 3.2 mm outside diameter and 2.0 
mm inside diameter coupled to a pressure transducer of the flush mounting type ( 
4- 327- 0003 Bell and Howell ). Because the transducer is designed for flush 
mounting, an adaptor was used to connect the total head tube and shock 
chamber. A carrier preamplifier was used to excite the transducer and amplify the 
output signal. The amplified output from the transducer was fed to both a digital 
volt meter and to a volt meter for the determination of the root mean square of 
the signal. 
Before using such a turbulence probe as described above. it is 
imperative to test the natural response frequency of the whole device. This work 
done by Withers(1987) using a "ballon bursting" technique which provides a shock 
to the diaphram and the frequency was measured by photographing a trace on 
the oscilloscope. The particular instrument had a natural frequency around 210Hz 
which is relatively low for picking- up fluctuations around the micro- scale. but 
Experimental Apparatus 190 
fine for picking up broad range of turbulent fluctuation to be found in a vertical 
circular atmospheric jet. 
The probe operates by measuring the total instantaneous pressure at 
any point in the flow. For an atmospheric jet where the mean pressure is zero 
(relative to atmosphere) the total instantaneous pressure approxoimates to 
1 P [ u' + U )2 (3.9) 
where PT = total instantenous pressure 
Which can be resolved to measure the turbulence intensity u'l u, when the 
relationship between the time averaged mean velocity is known. This requires a 
dynamic calibration of the probe which is shown in Fig 3.20(a). This result was 
found by Withers, but was checked by the author and found to be accurate. 
The recalibration of the turbulence probe was carried out by 
correlating the output voltage from the pressure transducer turbulence probe 
readings with average velocity measurement from the pitot- static tube. The 
average velocity readings were taken at the same location and under the same 
flow conditions that were operating during turbulence probe measurements, but 
obviously not at the same time period. Fig 3.20(b) shows the relationship between 
measured velocity by pitot- static tube and calculated velocity by turbulence 
transducer probe. 
The accuracy of this probe was ± 10% at the level of 10% 
turbulence. It was reasonable for this case because Laser was not suitable on 
rough jets. The noise was reduced by using short cables, sheilding of cables and 
by providing extra earthing. The noise was calculated by making a test run 
without flow conditions. The signal from noise was obtained by plotting voltage 
against time. This voltage was further deducted from orignal sample signal in 
order to get signal without noise. Once this relationship is found. it is 
incorporated inthe computer programme for further test run. 
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3.6 LASER DOPPLER ANEMOMETRY. 
3.6.1 Introduction 
Experimental fluid mechanics has, for many years, made use of 
mechanical measuring probes to obtain information on fluid velocity. Total 
pressure probes, in conjunction with static- pressure probes, have provided the 
principal means of measuring mean velocity and hot- wire or hot- film 
anemometers. The principal means of measuring instantaneous velocity and, 
therefore, mean velocity, RMS velocities, and velocity correlations. The optical 
technique considered here allows the measurement of the local, instantaneous 
velocity of tracer particles suspended in the flow and, hence, does not disturb the 
flow. Of course, since it is the particle velocity which is measured, the 
relationship between the particle and fluid velocity must be known if the fluid 
velocity is to be evaluated. Appropriate particles exist in many liquids and gases 
and, where they are too few in number, can often readily be supplemented. The 
availability of a measuring technique which does not distrub the flow is 
particularly relevent to recirculating flows where mechanical probes cannot be used 
without disturbing the recirculation pattern and to flows in ducts of small 
dimensions where mechanical probes cause blockage. 
To date, hot- wire and hot- film anemometry has been the principal 
experimental tool for quantitative investigations of the structure of turbulent flows. 
Although this technique has provided much quantitative information, its application 
has been substantially limited to constant property flows of low temperature, low 
speed and low turbulence intensity, outside regions of recirculation. Laser Doppler 
anemometry can overcome all of these limitations and, unlike hot- wire 
anemometry, it is not limited to the controlled flow conditions found in research 
la bora tories. 
A Laser anemometer uses a Laser beam for velocity measurement. 
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When the beam passes through the fluid flow, the light is scattered by particles 
suspended in the fluid, as shown in Fig 3.21. The scattered light contains 
information about the velocity which is measured by optoelectronic means, and 
interpreted using the Doppler principle. 
The Doppler effect occurs whenever there is a relative velocity 
between the sourse of sound or light and an observer. To a stationary observer, 
the light scattered from a particle moving away from a fixed light source would 
appear to have a lower frequency than the source frequency, and the light 
scattered by a particle moving towards a fixed light source would appear to have 
a higher frequency than the source frequency. The geometry of this situation is 
shown in Fig 3.21 (a). The frequency relationship between a scattered light wave 
and the light wave it originates from is given according the vector equation and 
shown in Fig 3.21(b): 
1 
->.- (3.10) 
where fs is the frequency of scattered light, fi is the frequency of 
incident light, es is the unit vector in scattering direction, ei is the unit vector in 
the incident direction, v is the velocity vector, >. is the wavelength of incident 
light. The frequency shift is equal to the Doppler frequency fO : 
and hence, 
1 
->.- v 
(3.11) 
(3.12) 
It can be seen from Equation (3.12) that the Doppler frequency is directly 
proportional to the particle velocity. 
Experimental Apparatus 193 
3.6.2 Mode of operation 
In order to utilize the measuring principle based on the Doppler 
effect, a monochromatic light source emitting coherent light waves must be used 
to produce the incident beam to the flow. The Laser fulfils these requirements of 
the light source and, with its high beam intensity, is well suited for this purpose. 
The optical and optoelectronic equipment used the Laser anemometry are, besides 
the Laser itself, the beam splitter, lenses, apertures, a photodetector and a 
frequency tracker. These components may be arranged in a number of different 
modes of operation depending on the type of the flow suituation being 
investigated. A Differential Doppler mode with forward light scattering was used 
in this study. The Laser and receiving optics are shown in Fig 3.22. 
The Differential Doppler mode using two incident beams of equal 
intensity is used where the intensity of scattered light is low. In this case, the 
scattered light can be picked up over a wide angle since the Differential Doppler 
frequency is independent of direction of detection. A single Laser beam is split 
by an optical unit as shown in Fig 3.23, and the two resulting beams are focused 
to the point where they intersect. This point is known as measurement control 
volume, m.c.v. (i.e the point at which the fluid flow characteristic are 
measured). The two coherent Laser beams, on intersection, yield a pattern of 
plane interference fringes as shown in Fig 3.24. According to Bragg's Law the 
fringe spacing (.ox) is proportional to the wave length of light (>.) and inversely 
proportional to the half angle between the two beams (812). As a particle moves 
through the region of interference fringes, it will scatter light whose intensity will 
vary according to the light intensity variation inside the bisector of the two 
beams. These light intensity variation have a certain signal frequency or Doppler 
frequency fD . The relationship between particle velocity and signal frequency fD 
can be determined as follows: 
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from the Fig 3.24 we get: 
v (3 . 13) 
oX 
where fD is the signal frequency, oX is the fringe spacing, and v is the particle 
velocity perpendicular to the bisector of the beams. 
from Bragg's law, 
>. 
oX (3.14) 
2 sin 0/2 
where >. is the wavelength of Laser light and 0 is the intersection angle. hence, 
2 v sin 0/2 
(3.15) 
Hence if the angle between two beams is known and also the wave length A, 
then if the Doppler frequency can be measured, so the velocity can be 
determined. All of this is only possible if the fluid flow contains seeding particles. 
Seeding is a fundamental in Laser anemometry. Without the presence 
of an appropriate concentration of scattering particles the anemometer will not 
function. In many cases, there is a natural distribution of particles in the flow, 
such as solid contaminations or bubbles of dissolved media. However, it is often 
necessary to add particles and these must be of appropriate size and 
concentration. In general, the particles must be small enough to be able to follow 
reasonably high frequency turbulent movements with sufficient accuracy but large 
enough to cause detectable scattering. The diameter of the scattering particles 
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should be of the order of 1 p. to lOp. in liquids. The concentration of particles 
should be high enough to give an adequate amount of scattered light, but not so 
high that the whole test area receive diffused light. 
3.6.3 Measurement of point velocities in the channel 
by Laser Doppler Anemometry. 
The Laser Doppler anemometry was set up in the Differential Doppler 
mode with forward scattering. The relative positioning of the Laser, optical unit, 
test rig, and photomultiplier for operation of this mode is shown in Fig 3.25. 
There are following steps are involved before taking measurement each time: 
3.6.3.1 Positioning of the photomultiplier 
The optical axis of the photomultiplier is aligned so that it intersects 
the measurement control volume. The photomultiplier is then positioned so that 
the approximate distance from the m.c.v. to the objective lens corresponds to the 
focal length of the optical unit lens. The objective lens is used in the 
photomultiplier to focus the light from the m.c. v., through a pin- hole ( for 
signal optimization purposes ) on to the photo- cathode. The image of the beam 
intersection is than located on a screen in the PM by use of a view finder and 
the PM moved slightly backwards or forwards until the precise focussing of the 
beams is achieved. The unshifted and shifted beams forms two crosses with 
fan- shaped arms. With exact focussing the fan- shaped images are narrowest at 
the intersection points, as shown in the Fig 3.26. The pin hole position is then 
adjusted until it is located at the centre of the intersection of the shifted beam. 
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3.6.3.2 Operation of the frequency tracker 
A suitable frequency shift is chosen using Equation 3.15 for the 
particular measurement application and a matching frequency range is selected on 
the frequency tracker unit. The matching frequency range has a maximum equal 
to twice the frequency shift value. This means that zero current will register at 
mid scale on the Doppler meter. The anode current is set at 50 pA and the 
Doppler signal from the preamplifier is then viewed on an oscilloscope to ensure 
that it is of good quality. A poor signal could result from: 
a). Poor beam intersection. 
b). Incorrect focussing of PM. 
c). Particle density too high or too low. 
Fig 3.27(a) shows a good quality Doppler signal. The peaks indicates 
Doppler burst caused by individual particles passing through the measurement 
control volume. When optimisation of the Doppler signal is completed the tuning 
of the Frequency Tracker can begin. Upon completion of the preliminary tuning 
procedures the Doppler frequency fO can now be found from the scale on the 
Frequency Tracker and hence the mean flow velocity, Umean can be calculated. 
The root- mean- square of the instantaneous velocity fluctuations J y 2 can be 
found by connecting an I.B.M PC computer or by R.M.S volt meter to the 
output of the frequency tracker. This enables the turbulence intensity u'/u at any 
point in the flow to be determined. The frequency tracker acts as an amplifier. 
Therefore it will not only amplify its own power beam, but also the noise on the 
beam. With Differential mode system the noise source is back ground sky lights, 
cables, as well as the scattered Laser light itself. To eliminate the Laser plasma 
noise over a wide range of frequencies an optical method was used. This system 
was already built- in in the frequency tracker and shown in Fig 3.27(b). In this 
system the signal from photodectecter is split into two signals of equal amplitude. 
One of the signal is used in convential way and the other in unmodulated. The 
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two signals are further combined at differential amplifier. In this way the noise 
present simultaneously on both channels are eliminated. Therefore the signal 
obtained at voltage analoge output was without any noise. 
3.6.3.3 Velocity and turbulence measurements. 
For measurement in water the Equation 3.15 can be used to give 
velocity of water at the point of intersection in terms of Doppler frequency fO. 
the wave length of the Laser light ).. and the beam intersection angle 8. The 
relationship between Doppler frequency and velocity could be written as; 
u (3.16) 
where u = velocity of particle in water. 
fD = Doppler frequency. 
). = wavelength of Laser light. 
8 = Laser beam intersection angle 
n = refrective index. 
It should be pointed out that the coefficient 
(3.17) 
is independent of the medium ( fD = u / oX ). This results from Snell's law 
and the wave properties of light. Therefore if 8 and ). are measured for air 
(n= 1). the coefficient can be calculated and used even for water in the 
experiments. 
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When making measurement in liquids flow, the location of the 
measuring point will be different to that in an air. The position of the measuring 
point can be calculated as: 
a - b/2 cot(8/2) 
where 8 = intersection angle of Laser beams 
a,b = as shown in Fig 3.28 
(3.18) 
The Laser Doppler anemometry method described here was used in the 
study of the velocity and turbulence distribution over the ramp and in the free 
jet. Fig 3.22 shows that the working beams of Laser at the time of 
measurements. Measurements were taken in the spillway flow 600 mm upstream 
of the end of the ramp; 300 mm upstream of the end of the ramp; at the end 
of the ramp; and 300 mm downstream of the end of the ramp. The Laser was 
turned through 90 0 to measure the turbulent velocity w', normal to the spillway 
bed. 
3.7 DATA ACQUISITION STORAGE & PROCESSING. 
3.7.1 Introduction. 
The purpose of this section is to describe the link- up between the 
Laser Doppler system (or turbulence probe) and the computer used in this work. 
It should be noted that much of the interface infrastructure was in place already. 
designed by Withers (1987) and used for pressure fluctuation measurements. Some 
modification were required for the Laser/computer interface. 
The system utilised in the present research study consisted of various 
elements. Fig 3.29 illustrates the method of data collection that was used. 
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Analog voltage signals from the frequency tracker, representing the flow behaviour 
at the instrument, were amplified, conditioned, digitised and either stored or 
processed directly on a micro computer using a program developed from software 
which had been specifically obtained for the task. 
3.7.2 Acquisition Hard ware 
This section will concentrate on the hardware that was used in the 
data acquisition process. The hardware consisted of printed circuit boards. Each 
board performed a specific task which will be detailed below. 
Hardware was furnished by the Burr- Brown Corporation (PCI -
20000) and comprised of a termination panel, a analog input module and a 
carrier card. These elements were accessed with the micro computer via the 
specialised software. Each of the hardware components and the computer 
interface are shown in Fig 3.30. The signal termination panel provided 
convenient screw terminal connections between the internal electronics and the 
external Laser field readings. Board space was also provided for passive Signal 
conditioning, including extra earthing options. 
As all data is represented digitally in the computer, the amplified 
analog signals from the measurement device had to be converted to digital form 
for computer manipulation. Therefore, readings from the active channel in the 
termination panel was passed through a analog input module which performed the 
analog to digital (AID) conversion. 
3.7.3 Data quantification. 
The relationship of the digital value produced by the conversion of the 
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input signal level depends on the resolution, or number of binary digits (bits), of 
the converter as well as the input voltage range. In this case, for a 12- bit 
converter with a :!: 10 volt input range, there are 4096 (21 2) possible values of 
the digital result and a voltage range of - 10 volts to + 10 volts, covering a span 
of 20 volts. This means that the value of each bit of the NO result is: 
1 bit = 20 Volts/4096 = 4.883 mV (approx.) 
Therefore, the actual voltage corresponding to any converted value , for a 
converter with a straight binary code, is: 
Voltage - AID result.(4.883 mV) (approx . ) 
The resulting relationship between the binary code and the relative voltage is: 
Voltage - [AID result x (20 I 4096)] - 10 (3.19) 
3.7.4 Computer interface and speci fication. 
The main circuit board in the system is called a carrier, and it inserts 
into one of the expansion slots in the back of the host micro computer. 
Interfacing with the internal bus of the micro computer's central processing unit is 
through the carrier card. It also provides power and a physical mounting for the 
instrument module . The carrier is functionally programmed by the plug- in 
instrument module, in this case an analog input device. Communications between 
the computer and the converter are through the carrier card. 
Considering the micro computer itself, certain facilities were required 
to adequately perform the tasks of data acquisition, processing and storage. An 
I.B.M. X.T. personal computer had already proved to be a reliable and relatively 
inexpensive piece of equipment with the capabilities to accomplish the work . The 
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specifications of the system are: 
(i) standard I.B.M. PC- XT system unit with 640 Kb of R.A.M. 
(ii) enhanced keyboard 
(iii) one floppy disc drive with 360 Kb capacity and one hard disc with 20Mb 
capacity 
(iv) I.B.M. mono display monitor 
(v) Hercules compatible graphics card 
(vi) 8087 maths co- processor 
(vii) disc operating system (version 3.2) 
(viii) Epson FX- 80 dot matrix printer 
A photograph of the system is shown in Fig 3.31. 
3.7.5 Software. 
As noted before, the computer could read the frequency tracker signal 
once it had passed through various peripheral units including an analog to digital 
converter. An AID board was installed on the carrier card which was connected 
to the computer. In order to read or sample the output of frequency tracker 
linked to a channel of AID, the memory address assigned to the channel had to 
be accessed by the computer. This was accomplished by creating a computer 
program or software. 
The computer program was fundamental to the collection of data 
through hardware control, and provided a method to process the readings once 
they had been acquired. Apart from channel selection, the program was 
responsible for initiation of (AID) conversions, synchronisation of events and data 
pre- processing. Pre- processing involved converting the digitised data (voltage) to 
physical units of velocity. This step was carried out according to the previously 
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determined Equation (3.10) which was included in the program. 
The computer program had already been written in Asyst (version 
1.56) ; by Withers (1987) and required some modification for use in this 
equipment. Basically, Asyst is a sophisticated high- level language utilising words 
or phrases (commands) which perform particular functions. A programme has 
been generated by sequential combination of these commands. 
Together with providing the program structure, the basic functions of 
the Asyst software are statistical analysis and graphical representation of the data. 
To interface between the Asyst language program and the system hardware, 
software support had to be added (PCI- 20046S - 4). 
By combining the Asyst structured program with hardware control 
routines, a method was developed which could automatically acquire data from the 
Laser and then process the resulting array of instantaneous readings. 
The instrument sampling routine was therefore defined by the computer 
program, but, as will be detailed in the following sections, it must satisfy certain 
requirements to ensure that the resulting measurements are representative of the 
actual flow phenomenon. A listing of the Asyst language Laser velocity and 
turbulence detector programme is given in Apendix A. 
3.7.6 Requirement of sampling routine. 
Digitisation of the continuous signal from the frequency tracker means 
that it is converted to a digital form by sampling at discrete inervals. The 
problem is defining the instantaneous points at which the data values are to be 
observed. 
Sampling for digital data processing is usually performed at equally 
spaced time intervals. The aim is then to determine the appropriate sampling 
interval which will fully define the signal. On the one hand, sampling at points 
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which are too close together will yield correlated and highly redundant data, and 
this unnecessarily increases the labour and cost of calculations. On the other 
hand, sampling at points which are too far apart will lead to confusion between 
the low and high frequency components in the original data. 
To adequately define the signal with discrete points in time at least 
two samples per cycle are required. Taking the time period between samples to 
be 't', the heighest frequencies which can be defined by sampling rate of lit 
samples per second is 1I2t cycles per second. During preliminary testing, the 
signal was sampled at the highest rate possible supported by software which was 
around 230 Hz. By inspection it was found that the frequencies were just 
concentrated well below 50 Hz as shown in Fig 3.32. The minimum sample rate 
for the experiment was therefore selected 100 Hz in order to ensure that every 
valuable data had been picked up. 
3.7.7 Data acquisition capacity and quantification. 
The I.B.M PC XT used in this research had a fixed memory of 
640KB. This memory was enough to store the software, software support and data 
from the Laser Doppler Velocimeter. In order to select the time period for 
sampling routine the stationary method was used. The stationary method is that 
when basic physical factors will generate the flow phenomena are independent of 
time. If the flow is constant and the boundary is fixed, it would be reasonable to 
assume that the resulting velocity data is stationary. Although this argument is 
correct, but it is slightly over- simplified. Therefore, the stationary of the data 
must be evaluated by studies of sample time history record. The minimum sample 
duration may then be determined for which the result may be said to be 
independent of time. In the above study a time period of 21 seconds was found 
to sample the routine independent of time, so the total number of data points at 
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100 Hz would be (100 x 21 = 2100). But this number should be in order of 2n 
for calculation in software. Hence 2" = 2048 points which are less than 
required data points for sampling. The next choice was 2 1 2 = 4096 points which 
satisfy both software and sampling routine. Therefore 4096 data points at 1 00 Hz 
will bring a time limit of approximately 41 seconds for each test run. 
3.7.8 The graphical representation. 
One of the main advantage of the soft- ware was the complicated 
statistcals procedure could be carried out in very simple steps with individual 
instructions. The raw data was first called back from disc storage and was plotted 
directly for visual inspection of the wave form on the computer monitor. Fig 3.32 
show typical wave forms from the Laser Doppler measurments. Considering 
segments of the raw data, the power spectrum was easily obtained and plotted 
using the software. A listing of the program used to obtained and plot the power 
spectra and wave forms is given in Appendix (AV). 
3.8 EXPERIMENTAL PROCEDURE. 
The overall order of the experiment testing programme is as follow :-
(i) Gradually varying flows were measured using a pointer gauge and 
presented in Chapter 4. This was done for three gate openings, three discharges 
per gate opening, and for two boundary roughness values (smooth ks = 0.0 and 
rough ks = 0.35 mm equivalent (Sides + bed». 
(ii) The gradually varying flows were analysed to obtain roughness 
coefficients in the form of Manning 'n', D'arcy Weisbach friction factor A and 
surface roughness ks· 
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(iii) A ramp of given angle 4> was inserted in the flow. 
(iv) A procedure outlined in flow chart below was then carried out 
including a range of gate openings 60mm, 90mm, and 180mm. A range of 
discharges was selected for each gate opening, namely 15 ~/s to 52 IUs. 
(v) The Laser was then used at each of the four cross- section in turn, to 
measure the mean longitudinal velocity at any point u, the longitudinal RMS 
component u I and the normal to the bed component, w' . The location of the 
four cross- section is shown in detail in Fig 3.5. 
(vi) Each cross- section required an array or grid of measurement points to 
properly define the cross- section flow properties. The Laser was then used to 
measure u, u
' 
and w' at every grid point. 
A typical cross- section is shown below indicating five vertical slices 
across the width and horizontal slices at every Smm - 10mm intervals. Details of 
the Laser measurements procedure have been given in section 3.6. 
(vii) The water flow depth was measured throughout using a combination of 
pointer guage and side- wall scale 
Z / 
... '0 ........ 20 ........ 20.......- 20.........- 20 .......... '0 .. 
_ --. MM -- __ _111\ 
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FLOW CHART FOR TURBULENCE MEASUREMENTS 
~ 
I ~ 
Smooth or Rough 
boundary 
i 
Choose Ramp angle ~ - 20, 50 , 100 
~ 
Choose gate opening 
Yg - 60mm, 90mm, 180mm 
I 
Choose Water discharges 
Yg 
-
60mm, Q 
-
15,22 & 37R./s 
Yg 
-
90mm, Q 
-
18,33 & 48R./s 
Yg - 180mm, Q 
-
20,38 & 52R./s 
1 
Calculate u from manometer 
and 4 
flow depth at ramp (h~) 
+ 
Select section 
1, 2, 3 or 4 
• 
Measure u, h & u'at selected section 
t 
Turn the Laser at 90 0 for w' 
• 
Measure w' at selected section 
, 
Select the position of the grid 
u 71 un U 73 U 74 u 7S 
.4~ 
U S1 U S2 Us 3 U S4 Us S 
u S1 u S2 Us 3 u S4 U SS 
U 41 u42 u43 U 44 u4S 
U 31 U 32 U 33 U 34 U 3 S 
U 21 U 22 U 23 U 24 U 25 
U 11 U 12 U 13 U 14 U 1 S 
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(vii) Having established the turbulence characteristics for the flume, ramp 
and jet, the whole procedure was repeated, this time with measurements of air 
flow rate Qa' aerator jet underpressure op, jet length L and ramp flow depth 
h 3' This procedure is shown below. 
(viii) The main choise for each test run is the under- pressure op or (oh). 
For the first test run, op is made zero by blowing air into the cavity as 
described in section 3.4.6. The air flow rate Oa. and Land h 3 are measured. 
(ix) For the same water discharge. the air supply is turned off. and the 
maximum under pressure ohmax is measured for zero air flow. The next test run 
is then carried out at pressure approximately ohmax!2. again Cairo Land h 3 are 
measured. 
(x) A third under pressure is know chosen somewhere in the range 
ohmax/4 to 3ohmax/4 and again 0 a. Land h 3 are measured. 
This means that every single test run involves three different 
underpressure values oh, and hence 3 different air flow rates, jet lengths and 
flow depth h. A sketch of this procedure is given below. 
(xi) All measurements were carried out over an 18 month period in 1989 
and 1990. with a considerable volume of data accumulated which will be 
presented and discussed in Chapter 4, Chapter 5 and in Chapter 6. 
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FLOW CHART FOR AIR FLOW MEASUREMENTS 
Smooth or Rough 
boundary 
Choose Ramp angle ~ - 2°, 5° , 100 
1 
Choose gate opening 
Yg - 60mm, 90mm, 180mm 
Choose Water discharges 
Yg - 60mm, Q - 15,22 & 37~/s 
Yg - 90mm, Q - 18,33 & 48~/s 
Yg - 180mm, Q - 20,38 & 52~/s 
Choose under pressure Ah 
Ah - 0.0, Ahmax/2, Ahmax/4 , etc 
t 
Measure Qair 
, 
Measure jet length L 
Measure flow depth at ramp h~ 
1 
Check all Ah's are measured No l-
, 
I Yes I I 
E 
E 
o 
III 
.... 
-.# 
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Fig 3.1 Existing research apparatus 
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Fig 3 .2 Seafolding frame work 
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Fig 3 .6(b) Pressure tank and gUide vanes 
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Fig 3.7(b) Turbulence and Airflow measurement Rig 
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Fig 3.9(b) 5 0 ramp angle (perspex) 
Fig 3.9(c) 10 0 ramp angle (perspex) 
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Fig 3.10 Water supply pump & sump tanks 
Fig 3.11 Laser carriage 
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Fig 3.12 Air flow duct and covering plate 
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Fig 3 .13 Inclined manometer and pressure tapping 
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Fig 3.14 Air flow measuring Rotameters 
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Fig 3.15 Air blower and its connection lO Rotameters 
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Fig 3.19 Turbulence transducer probe (designed by Withers (1987)) 
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Fig 3.21(a) Scatter of Laser light 
Fig 3 .21(b) Vector diagram of Laser frequency shift 
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Fig 3.22 Optics receiving Laser beams 
Experimental Apparatus 
--I 
,, _.._--11--
\.( 
, 
=::>-:. - ==~----
surface ,.....-t; __ ....., ______ --J 
mirror 
beam 
aOJusters 
.::-..::- _ pomt at 
- ~~ __ ~-7rsectlon 
--- \ ---:::;,. :;:::..--~ measur~f'T'EIf'lt 
contro l 
vOlume 
Fig 3.23 Optical beam splitter 
, ' fringe 
I 
I , 
FLOW t .. I I ' I I ', , 
, I I I J ! I I 
t""Y," 
Fig 3.24 Fringe pattern formed at intersection of Laser beams 
230 
Experimental Apparatus 231 
Optics 
Fig 3.25 Relative position of Laser & optics 
Frequency shifted Laser beam 
Intersection point of Laser beam 
Fig 3.26 View if intersection points of both shifted and unshifted Laser beams 
Experimental Apparatus 232 
Flg 3 .27( a) Doppler Burst on oscilloscope 
Photode&ector 
Mld amplif~r 
Pholo-
detector 
and 
amplif~r 
Fig 3 .27(b) The optical method for elimination of noise 
Experimental Apparatus 233 
oj r liquid, 
• ' 1\ I 
, ! 
I Q 5 e r 
, , 
, I i I 
, I 
'C) 
I I 
I I " I 
, ) ~ : I " yr. . , 
, ill 
a = b cot ~ 
2 2 
Fig 3.28 Velocity measurements in Water 
I LASER OPTICS ~ Frequency Tracker: 
I Osc i 11 os cope I 
I Analog to digital converter I 
I Computer Interface I 
I Soft ware I.8 . M P.C XT Computer 
Printer 
Fig 3.29 Method of data collection 
Experimental Apparatus 234 
Laser Doppler Frequency Optics 
I Frequency Tracker Vanalog output I 
Intermediate 
Frequencies to 
get Good quality 
of Doppler Burst 
I I Termination Panel AID Convert er I Carrier Card I Interface 
f Printer I Storage Hard disc I Computer & Monitor 
Fig 3.30 Hardware components and computer -inter face .. 
Fig 3.31 Photograph of computer · 
Experimental Apparatus 
" III 
< 
... 
lao 
lao 
'wi 
" 
III 
~ 
::::I 
... 
... 
Z 
(J 
c: 
z: 
-. () 
Q) 
<II 
--E 
8.59 . . ; . 
7.59 
6.59 
5.59 
4.59 .. , 
VELOCITY FLUCTUATIONS Time (sec) 
1"99 
... ; ,-
POWER SPECTRUM 
6"9. 
•• •. • • ••••••• : . ... .. ; • •.••• ' t ' 
2"9. 
FREQUENCY (Hz) 
Fig 3.32 Graphical representation of Data 
235 
Turbulence measurements 
CHAPTER 4 
DISCUSSION ON EXPERIMENTAL TURBULENCE MEASUREMENTS 
4.1 INTRODUCTION. 
4.2 INITIAL TURBULENCE TESTS ON VERTICAL CIRCULAR JETS. 
4.2.1 
4.2.2 
4.2.3 
4.2.4 
4.2.5 
Introduction 
Results for 78mm diameter nozzle outlet 
Results for 25mm diameter nozzle outlet 
Results for 25mm diameter Orifice outlet 
Significance 01 the initial turbulence test 
4.3 TURBULENCE MEASUREMENTS IN SPILLWAY AND RAMP 
4.3.1 
4.3.2 
4.3.3 
4.3.4 
Introduction 
Variation of turbulence with depth up from 
channel bed 
Variation of turbulence with distance along 
Spillway ramp and Jet 
The influence of flow depth h & Jet velOCity 
u on the turbulence readings 
236 
4.3.5 
4.3.6 
Influence of ramp angle on turbulence readings 
Influence of boundary layer development and 
aspect ratio on turbulence 
4.3.7 Influence of boundary roughness (ks) on 
turbulence measurements 
4.4 CONCLUSIONS 
Turbulence measurements 237 
4.1 INTRODUCTION. 
Chapter 4 deals exclusively with turbulence measurements primarily in 
the spillway, ramp and aerator geometry, but also some preliminary tests of 
turbulence in vertical plunging circular jets. 
The tests on the spillway ramp are presented in section 4.3 and 
investigate the effect of various parameters on the turbulent flow structure. These 
parameters include the flow depth, flow velocity, distance along spillway and 
ramp, effect of Reynolds Number, ramp angle cI> , decay of turbulence in the jet 
downstream of the ramp, aspect ratio of the channel, degree of boundary layer 
development before the ramp, as well as the degree of spillway boundary 
roughness (ks). (The corresponding values of air entrainment, cavity under 
pressure, jet length, water surface profiles and friction factors will be presented in 
Chapter 5.) 
The purpose of the detailed turbulence measurements is to provide a 
better physical understanding of the flow behaviour at an aerator ramp. It is also 
to look at the link between turbulence and air entrainment rate at a ramp, so 
that a computer model for air uptake (Chapter 7) might be as soundly based as 
possible. In particular the role of a ramp in generating turbulence is of interest, 
as is the possible decay of turbulence in the jet downstream of the ramp. In 
addition to these the effect of varying Reynolds Number is also of interest in the 
area of scale effects, but this area will be discussed in more detail in model 
-'- prototype comparison in Chapter 6. (Section 6.5) 
Initially, however, turbulence measurements in plunging vertical circular 
jets are presented. These make use of the existing apparatus, and will hopefully 
complement the ramp measurements. 
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4.2 INITIAL TURBULENCE TESTS ON VERTICAL CIRCULAR JETS. 
4.2.1. Introduction 
The original existing apparatus consisted of a re-circulating rig 
generating high velocity jets through nozzles, 78mm diameter and 25mm diameter, 
as well as an orifice 25mm diameter. This rig has been described in Chapter 3 
and was used by Withers (1987) in a study of pressure fluctuations in plunge 
pools. 
Although most of the work in this Chapter concerns turbulence 
measurements along a spillway, ramp and aerator jet, a few tests were carried 
out initially in the vertical circular jets, using a turbulence probe also described 
in Chapter 3. It was not feasible to use the Laser system because of very uneven 
disturbances on the jet surface. 
The main reasons for carrying out the circular jet test were as follows:-
to investigate how turbulence varies over the jet diameter from edge to 
centre-line. 
to investigate how turbulence varies in the longitudinal direction along the jet 
length. 
to investigate the effect of increasing jet velocity on turbulence levels. It was 
known that velocities of the order of 15 to 20 mls could be achieved, 
approaching the prototype range. 
to investigate the effect of jet dimension on the turbulence levels. Tests were 
carried out at 25mm diameter and 78mm diameter. 
to investigate the effect of initial jet turbulence condition on the turbulence 
levels. The nozzle tests produced glass- like jets and represented very low 
turbulence jets « 1 % ). 
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The orifice jet contained higher turbulence readings ( :.: 5% ) and 
approached more the character of aerator ramp jets whose turbulence was thought 
to vary from 4% near the free surface to around 10% near the spillway base. 
It was hoped that these results would in some way complement the 
turbulence measurements on the spillway ramp and provide some insights into the 
effect of Reynolds Number, turbulence redistribution in jets, and so on. 
A sketch of the arrangement is shown in Fig 4.1 with the major 
parameters defined. The turbulence probe was inserted in the flow and used to 
measure only the longitudinal RMS turbulence component u'/u as described in 
Chapter 3. 
The results are presented in the following way. For each outlet 
(nozzle and orifice ), the radial distribution of the longitudinal turbulence intensity 
u'/u o is plotted first with the values normalised relative to the outlet conditions, 
i.e. U o and Ro (where U o and Ro are the outlet velocity and radius respectively). 
Subsequent radial distributions are plotted with the R.M.S. component of velocity 
u' and the radial distance to the measurement point from the jet centre lines rj' 
made dimensionless with the local parameters u and Rj. The local parameters 
being the mean velocity and the jet radius at the measurement point respectively. 
Each figure applies at a specific distance downstream from the outlet and covers 
a range of tested outlet velocities. Following this, the longitudinal variation of 
the turbulence values is presented for each radial position but varying in the 
downstream direction. Similar to above, the first version is made dimensionless 
with the outlet conditions and the second relative to the local conditions. 
Certain restrictions applied to the radial and longitudinal extent of the 
measurement positions within the plunging jet. Radial measurements were kept 
away from the jet edge to ensure that intermittency at the jet outer surface and 
air bubbles would not effect the results. Measurements along the jet length were 
limited to the initial portion of the jet length to prevent aeration influencing the 
results. A brief discussion of the turbulence results will be included in the 
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following sections. 
4.2.2 Result for 78mm diameter nozzle outlet. 
Figs 4.3 and 4.4 shows the variation of the longitudinal jet turbulence 
in the radial direction for various distances from the outlet. The range of initial 
velocities covered is 7 to 13 m/s. There is not much difference between the two 
figures as the condition of the plunging jet from the 78mm diameter nozzle had 
not changed much over such a small distance from the outlet. 
Figures 4.3 and 4.4 it can be seen that: 
Considering 
(i) The values of turbulence intensity are under 1% which represents a low 
turbulence intensity jet. This was made possible by the combined use of a tube 
bundle upstream of the nozzle and a smooth tapered nozzle. 
(ii) Values of turbulence intensity increase with jet velocity. This is due to the 
increase of Reynolds Number which almost doubles, from 5x10 s to 1x10 6 
(iii) Values of turbulence intensity increase with radial distance out towards the 
jet edge. This is due to a thin boundary layer forming along the nozzle, which 
occupies only a small thickness (relative to the jet diameter) at the outlet. This is 
sketched in Fig 4.2. 
(iv) The thickness of the turbulent boundary layer increases with distance along 
the jet UDo. This is seen when comparing graphs (a), (b) and (c) which reveal 
the high turbulence levels at the jet edge moving towards the jet centre line as 
we move downstream. 
(v) The preceding point is also noticeable when considering the longitudinal 
variation of the jet turbulence in the downstream direction at given radial 
positions, as shown in Figs 4.5 and 4.6. The centre line (rj/Ro= 0) and 
intermediate radial positions show fairly constant values, however, near the jet 
edge, Fig 4.5(c), the turbulence intensity is seen to increase as the distance from 
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the outlet is increased. This is attributed to the development of the turbulent 
boundary layer into the body of the plunging jet by a process of redistribution or 
advection. 
4.2.3 Results for 25mm diameter nozzle outlet. 
From Figs 4.7 and 4.8 it can again be seen that the level of 
turbulence is very small. In fact, the results for the 2Smm nozzle are even less 
than the core values for the 78mm diameter nozzle outlet. This is to be 
expected as the Reynolds Number in the 2Smm nozzle is in the range of 2x10 5 
to 4x10 5, which is only 40% of the 78mm nozzle value. It can be noted that 
for UDo = 17.2, Fig. 4.7(c), the turbulent boundary layer is much thicker. At 
this distance relative to the outlet diameter, the turbulence has redistributed 
further towards the jet centre line so that it is now occupying almost half of the 
jet radius. Figs. 4.9 and 4.10 also show the increase in turbulence near to the 
jet edge with distance from the outlet, due to boundary layer ingress towards the 
jet centre line. 
4.2.4 Results for 25mm diameter orifice outlet. 
It was thought that the more turbulent condition of the plunging jet 
issuing from the 2Smm orifice outlet would manifest itself in the magnitude of 
the jet turbulence readings. This is shown to be the case in Figs. 4.11 to 4.14. 
Due to the more irregular nature of these jets several runs were taken to obtain 
consistent RMS results, and also the plunge length was investigated at several 
more downstream positions than the corresponding smooth turbulent nozzle jets. 
Hence, with the larger volume of results, both Figs 4.11(a) and 4.11(b) represent 
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the radial variation of turbulence at given positions along the jet length relative 
to the outlet condition, while Figs. 4.12(a) and 4.12(b) represent the results 
relative to the local velocity and jet radius. 
From the turbulence readings at the contraction, produced just 
downstream of the orifice (Figs 4.11(a) and 4.12 (a», the glassy nature of the 
flow is indicated by the small magnitude of the longitudinal jet turbulence values. 
Increases in jet fall length beyond the contraction produce a turbulence level 
which is greatly increased, especially at higher outlet velocities. Thus at 
UDo= 17, the jet turbulence reaches 6% 7%. The increase in jet turbulence 
beyond the contraction was noticeable in the visual inspection of the jet 
condition. 
The results are much more irregular than those previously considered, 
however, it can be seen that at the larger fall lengths and velocities, the 
maximum turbulence values are displaced from the jet edges into the central 
portion of the flow. This is particularly true for UDo= 17, Figs 4.11 (e) and 
4.12 (e) where it is seen that the variation with velocity (or Reynolds Number) is 
also much more significant. 
The final diagrams in this section, Figs. 4.13 and 4.14, show the 
longitudinal variation of the turbulence results for a given jet radius. It can be 
seen in these figures the difference in the turbulence structure for the jet issuing 
from the orifice compared with the nozzle outlets. The centre line (rj/Ro= 0) 
(Graph (a» turbulence intensity increases for greater jet fall lengths and at higher 
velocity, indicating migration of the boundary layer into the central portion of the 
jet. Near the jet edge, Graph (c), the turbulence reaches a maximum before 
reduction with further distance from the outlet. 
UDo~15 as shown on Graph 4.13(c). 
The maximum occurs at 
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4.2.5. Significance on the initial turbulence tests. 
It is clear from Figs 4.3 to 4.14 that internal jet fluid turbulence is 
greater at the jet edges than at the jet core. This is because turbulence is 
generated at the solid boundary in the nozzle (or orifice). Turbulence which stems 
from the edge eventually prlU>Ogates towards the centre of the jet. 
This is shown for clarity in Fig 4.15 both for nozzles and orifice jet, 
showing the gradual transfer of turbulence towards the jet centre line. It is not 
clear how this result will translate to the ramp jet because many of the spillway 
jets contain fully developed turbulence over their depth, even before leaving the 
end of the ramp. 
One important observation concerns the effect of jet length on the degree of 
turbulence. Fig 4.14 for the orifice jet for instance, shows that turbulence 
gradually increases along the jet length, reaches a peak around UDo of 12- 14 
and decreases there after. The decrease in turbulence may be associated with the 
fact that the jet eventually has a zero velocity gradient which means that it 
generates no new turbulence T = P ~ 2 (duldr) 2, and hence the existing 
turbulence must eventually decay. Any initial increases in turbulence are more 
likely to be redistribution rather than generation. The same phenomenon is not 
clear in the nozzle jets, which are still re- distributing turbulence at the longest 
length of UD ::::: 20. 
The implications for the spillway aerator jets is enormous, as they also 
must eventually decay in turbulence at some distance after leaving the ramp, and 
that distance is likely to be much shorter than low turbulence, non- developed, 
circular jets. If the turbulence decays in the aerator jet, then so also does the 
rate of air entrainment to the underside of the jet. 
Another important observation from the initial turbulence measurement 
is that jet turbulence increases with velocity and jet diameter and jet Reynolds 
Number. This is shown for the case of the smooth nozzle tests and plotted in 
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Fig 4.16 (a) and (b). 
Fig 4.16(a) contains the jet centre-line turbulence plotted with 
increasing velocity, showing a steady increase in turbulence with velocity up to 
11-13 mis, and leveling- off there after. The 78mm nozzle has significantly 
higher turbulence than the 25mm nozzle. 
Fig 4.16(b) shows approximately linear increase in turbulence with 
Reynolds Number for both nozzles. This may have significant implications for 
scaling and scale effects in aerators, where the prototype Reynolds Number may 
be in exess of 10 8 (uhf p) whereas the model may be only 10 6 • The degree of 
turbulence alters the air entrainment rate and jet spread significantly. 
4.3. TURBULENCE MEASUREMENTS IN SPILLWAY AND RAMP 
4.3.1. Introduction 
The purpose of the turbulence measurements along the spillway, ramp 
and aerator jet can be summarised as follows:-
(i) to obtain a deeper physical understanding of the flow behaviour so that 
a better computer model may be evolved. 
(ii) to look at the role of an aerator ramp in generating extra turbulence 
and hence extra air entrainment. 
(iii) to look at the interaction between turbulence intensity and jet 
phenomena, such as jet spreading, degree of air entrainment, and jet 
length. 
(iv) to investigate the decay in turbulence in an aerator jet once it leaves 
the spillway surface. 
(v) to investigate scale effects by varying the Reynolds Number. 
The categories above are broad and will be addressed gradually 
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between this Chapter and the end of this thesis. In this Chapter the intention is 
to take a detailed look at the turbulence measurements taken, with a more 
in- depth analysis of the results to be presented in Chapter 6. 
The turbulence results are presented from Figs 4.17 to 4.47 with 
Figs 4.17 to 4.25 representing the ramp angle cil of 2 0 and a smooth boundary; 
Figs 4.26 to 4.34 representing the 50 ramp angle with smooth boundary; 
Figs 4.35 to 4.40 representing the 10 0 ramp angle with smooth boundary; and 
Figs 4.41 to 4.47 representing the 50 ramp angle with roughened boundary. 
In each case the results are presented for the three gate openings 
namely 180mm, 90mm and 60mm, this being the depth of sluice gate opening in 
the upstream pressure box. 
Each gate opening is tested over a range of three discharges usually 
lying within the range of 15 Us to 52 lis (0.015 m 3/s to 0.052 m 3/s). This 
represents the effect of the changing the depth and velocity of the supercritical 
flow. The results are presented in the form of both the longitudinal turbulence 
intensity u'/u and the component normal to the channel bed w'/u. In this case u' 
and w' are the RMS value of the fluctuations determined from the Laser 
measurements using the Asyst software package. The value of u is the local mean 
velocity at the point where the Laser is taking the measurement. This is different 
from the mean velocity of the flow u, which is averaged over the whole 
cross- section. 
Each graph shows the variation in turbulence intensity u'/u or w'/u 
with flow depth zlh. It also shows the variation of turbulence intensity with 
distance along the spillway, ramp and jet, at the four cross- sections shown in 
Fig 3.5. These cross sections are 300mm apart, with section 1 being 600mm 
upstream of the downstream end of the ramp, section 2 at the start of the ramp 
300mm upstream of section 3, section 3 at the end of the ramp, and section 4 
in the jet, 300mm downstream of the end of the ramp. All the results shown are 
averaged across the channel width. 
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The intention in this Chapter is to investigate the turbulence results in 
the light of the various parameters varied, and using this information to present a 
more detailed analysis both in this Chapter 4 and in Chapter 6. The 
sub- divisions of interest include the following. 
Variation of turbulence with depth up from channel bed. 
The variation of turbulence with distance along the spillway, ramp and jet. 
The influence of different gate openings. 
The influence of velocity on turbulence readings. Both gate opening and 
velocity will determine the Froude Number, Reynolds Number and Weber Number 
of the flow. 
The influence of the ramp angle <I> on turbulence. 
The influence on the degree of boundary layer development on the 
turbulence readings. This might be measured by Lgr"h, where Lgr is the length 
from gate to the ramp (l.9m ) and h the flow depth. Alternatively it might be 
measured by the aspect ratio blh, this being important in determining the 
influence of the side walls and the development of secondary cells. 
The influence of the degree of boundary roughness, kg. 
In all cases the emphasis is placed on the value of turbulence velocity 
normal to the channel bed w', as this is thought to be the key indicator in 
determining air uptake in the aerator. 
4.3.2. Variation of turbulence with depth up from channel bed. 
It should be noted at the start of this section that the author is not 
aware of any turbulence measurements in highly supercritical, steep (45 0), open 
channel flows done by previous authors. This makes any meaningful comparison 
difficult, as most previous research on turbulence in open channel flows has been 
for sub- critical near horizontal flows. 
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Over the past twenty years, extensive experimental research has been 
performed on the mean flow and turbulence structure of open- channel flow with 
the aid of hot- film anemometers and various visualization methods such as 
hydrogen- bubble technique. It was thereby established that, like boundary layers 
and closed duct flows, open channel flows also consist of two regions: a near wall 
region (inner region) and a outer region near the free surface. The near- wall 
region is controlled by the inner variables, namely the kinematic viscosity, ", and 
the friction or shear velocity, U*, and its features are virtually the same as those 
observed in boundary layers and closed channel flow [e.g Coles (1978)]. On the 
other hand, the outer region is controlled by the flow depth, h, and the 
maximum velocity umax. The free surface exercises an influence only on this outer 
region. One noticeable influence is the damping of the vertical fluctuations (w') 
by the free surface, which was examined in detail by Celik,I (1984), Komori,S 
(1982), Nakagawa,H (1975) and Smuket,R (1969). Associated with this, is a 
reduction in eddy viscosity near the surface as compared with the centre region 
in closed channel flow. 
The experimental data gathered in this work not only give a 
qualitative picture of the turbulence over a ramp in an open channel flow, but 
also gives a reasonable quantitative description. However, this data will not yet 
have reached the standard of closed channel air measurements [e.g Laufer(19S4), 
Clark (1968)]. The reason is that turbulence measurements in water with hot- film 
probes are much more difficult and, thus, inherently less accurate than hot- wire 
measurements in air flows. With the advent of Laser Doppler Anemometers 
(WA) a powerful measurement technique became available which is especially 
suited for velocity and turbulence measurements in water. This technique does not 
require any calibration. A Differential Doppler mode with forward light scattering 
(LDA) was used for measuring longitudinal and vertical velocity and turbulence 
with great accuracy. 
Good examples of LDA measurements in sub- critical open channel 
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flows include those of Nezu and Rodi (1986) and Rashidi et al (1987). Nezu and 
Rodi showed that the variation of longitudinal turbulence with flow depth could 
be approximated by 
u'/u* - 2.26 e- o. aa z/h (4.1) 
Whereas Rashidi et al present a relationship in the form 
u'/u* -1.95 - 2.85(z/h)2 + 2.1 (Z/h)3 (4.2) 
In both cases h is the total flow depth, z is the height above 
channel bed and u. the shear velocity for a wide channel given by ./ gRSf 
Similar results have been presented for turbulent components normal to 
the channel bed w', and are shown in graphical form in Fig 4.48. It is clear 
comparing this graph and Equations (4.1) and (4.2) above, that the value of u' is 
approximately 1.6 to 1.8 times greater than w' especially near the wall region. 
It is also clear from Fig 4.48 that the turbulence values decay 
substantially with depth so that the value near the surface is typically around 
two- thirds of that near the wall. i.e. w'/u. = 0.75 to 0.8 near the surface and 
1.2 near the wall. In contrast values of u'/u* are approximately half at the free 
surface compared with the wall value. 
The reason for presenting this information is to provide the reader 
with a frame work for interpreting the graphs showing turbulence variation with 
depth in Figs 4.17 to 4.47. These graphs are presented, as measured, normalised 
by the local mean velocity u. The nearest we can come to Equation (4.1) and 
Equation (4.2) above and Fig 4.48 is to translate from shear velocity u* into 
mean cross sectioned velocity u. The two are related by 
u .r>:78 (4.3) 
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The value of ).. for both rough and smooth boundaries are shown in 
Chapter 5 (section 5.2.3.) and indicated ).. to be around 0.0155 to 0.0188 for the 
smooth surface and 0.0275 approximately for the rough surface. If we examine 
the smooth surface only, and assume).. = 0.01715 then u* = 0.0463 u typically. 
This means that the graphs shown in Fig 4.48 translate into w'/u = 0.0565 
(5.65%) near the wall, and reduce down to w'/ u = 0.0291 (2.91%) near the 
free surface. This is a typical range of vertical turbulence velocities (w') in a sub 
critical open channel flow. 
The results in Figs 4.17 to 4.47 are for a steep supercritical flow over 
a ramp, and a glance at the values of w'/u do indicate a range higher than that 
which might be predicted from subcritical open channel flows w'/u mentioned 
above. The value of w'/u are tabulated below for clarity giving the range (min. 
to max.) over the flow depth for various angles and gate openings, and also at 
all three measurement section 1 J 2 and 3 along both spillway and ramp. 
T ABLE:( 4A) Typical range of Turbulence intensities w'/u for 
Sections 1.2 and 3. 
Gate RAMP ANGLE <II - degree 
o~enn-ng 20 smooth 50 smooth 100 smooth 5° Rough 
Yg - mm 
surface -+ wall surface -+ wa 11 surface -+ wall surface-+ wall 
180 3.75~ -+ 7.25% 4.0% -+ 8.0% 5.1% -+ 7.6% 5.4~ -+ 8.25% 
90 4.5% -+ 8.1% 4.75% -+ 8.3% 4.5% -+ 7.25% 4.8% -+ 8.5% 
60 4.0% -+ 8.25% 4.0% -+ 8.4% 4.2% -+ 7.3% 4.8% -+ 10.1% 
It is clear from this Table 4A that the measurements of free surface 
turbulence are all around 4% to 5% which is greater than previous measurements 
on sub critical open channel flows. It should be noted that data of Laufer (1954) 
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for air in a circular pipes shows w'/ u approximately 4% to 5% to the central 
pipe region, which is the equivalent of near the free surface in this work. 
One difference between this data Table (4A) and previous sub- critical 
flow measurements, concerns w'/u values nearer to the wall. In this ramp 
measurement the values range from 7% to around 10% which is considerably 
greater than estimates from open channel flow. However, it should be noted that 
the "wall" values in Table (4A) refer in almost every case to section 3 at the 
end of the ramp and hence reflect the influence of the ramp in generating 
turbulence rather than simply open channel turbulence. 
It would be more correct to compare with wall values for section 1 or 
2 upstream of the ramp and clear of any influence of ramp generating 
turbulence. A look through Figs 4.17 to 4.40 reveals values of w'/u near the wall 
around 5% to 7.5% for section 1 and a comparison of section 1 values with 
previous sub- critical flows values is given below. This graph shows the turbulence 
values to be larger and to give a flatter distribution with depth, compared with 
previous sub- critical flow measurements. 
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Variation of longitudinal turbulence components u'/u with depth is also 
of interest. Previous open channel flow values are given by Equations (4.1) and 
(4.2) ranging from u'/u* around 2 to 2.3 at the bed to values of u'/u* around 
1.1 to 1.2 nearer the free surface. 
If we use the same model for the smooth boundary in this 
;; J>j8 and A = 0.01715 then u'l u should be of the order of 10.4% 
near the wall, reducing to values of u'l u around 4.34% near the free surface. 
The measured LOA data in this case is shown in Table below, again for all 
three sections 1, 2 and 3 including both spillway and ramp. 
TABLE (4B): Typical range of Turbulence intensities u'/u for 
Sections 1,2 and 3. 
Gate RAMP ANGLE <I> - degree 
ofenn-ng 2 0 smooth 50 smooth 10 0 smooth 50 Rough 
Yg - mm 
surface -+ wall surface -+ wall surface -+ wall surface-+ waTl 
180 11. 0% -+ 12. 5% 11.0% -+ 12.4% 10.8% -+ 13.5% 11.0% -+ 13% 
90 11.0% -+ 13.75% 10.5% -+ 13.5% 10.5% -+ 13.6% 11. 5% -+ 15.1% 
60 11 . 0% -+ 15. 5% 11.0% -+ 15.4% 10.5% -+ 14.0% 11.8% -+ 16.1% 
The most interesting observation from Table 4B is that near the wall, 
the longitudinal turbulence values are much higher than that expected from open 
channel flow reflecting the influence of the ramp. If we consider only section 1 
data, the values are similar to open channel flow, as shown in the graph below. 
If we investigate the data near the free surface then the measured 
values around 10% to 11 % are approximately 68% greater than predicted from 
previOUS open channel flow calculations. This is sketched below 
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Both w' and u
' 
measurements in this work are higher than 
conventional estimates especially near the free surface and especially for the 
longitudinal measurements u I. In order to understand this, one must differentiate 
between an open channel flow derived from simply flowing out of a reservoir 
with the boundary layer growing from the bed; and a flow derived from passing 
from a highly turbulent pressurised box and under a sluice gate. The difference 
are sketched below( overleaf) 
The first is a pure boundary layer development, whilst the second is a 
mixture of boundary layer development from the bed, mixed with turbulence 
generated in the pressure box and convected along with the flow. The box and 
sluice gate generated turbulence may not have completely disappeared by the 
region of the ramp measurement sections, and may be responsible for the flatte r 
and larger magnitude of turbulence compared to normal open channel flow 
turbulence measurements. 
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turbulent developed by the sluice gate 
Of course, previous data sets have all been for subcritical open 
channel flows, and the introduction of steep supercritical flows may change the 
turbulent flow structure appreciably, especially in the .region of the free surface. 
Hence at this stage it is not absolutely clear as to why u'l u values (and w'lu 
values) deviate from previous norms. 
In any case, the flatness of the turbulence structure with depth may 
not be a crucial factor. Values of w'l u near the bed are approximately the same 
in these measurements compared to previous open channel data sets. This is 
particularly true of the section 1 measurements for upstream of the ramp. The 
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turbulence measurements near the bed in fact are very similar to previous data, 
and it is these turbulence values which determines air entrainment into the 
aerator, jet spread and jet length downstream of the ramp. It should also be 
pointed out that several prototype aerators have been installed downstream of 
sluice gates and radial spillway gates and may in some respects be closer to the 
second sketch above rather than the first. 
The more detailed analysis will be carried out in Chapter 6. 
4.3.3. Variation of turbulence with distance along spillway ramp and jet. 
Figures 4.17 to 4.47 present data for longitudinal turbulence u'/u and 
normal to the bed turbulence w'/u, as the cross- section moves from section I, 
300mm upstream from the start of the ramp, section 2 at the start of the ramp, 
section 3 at the end of the ramp. The results presented are width- averaged. 
One of the key aims of this research work was to evaluate the effect 
of introducing a ramp, particularly on the vertical turbulence w', as well as 
evaluating the change in turbulence once the flow leaves the spillway to form a 
jet. 
One of the flow characteristics of a ramp and jet is shown sketched 
below. It concerns the variation in internal fluid pressure and the subsequent fluid 
acceleration over the ramp. 
Section 1 is essentially straight spillway flow with a hydrostatic pressure 
distribution and logarithmic velocity distribution. On moving to section 2 the ramp 
effectively produces streamline curvature, and extra centrifugal pressure on the 
spillway base. The curvature is also likely to produce additional momentum 
transfer and the formation of secondary cells, or longitudinal helical swirls as 
noted in Chapter 2. By the stage of section 3 the internal fluid pressure is 
almost zero or at least is likely to be less than one third of the normal 
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noted in Chapter 2. By the stage of section 3 the internal fluid pressure is almost 
zero or at least is likely to be less than one third of the normal hydrostatic 
pressure. This stage has the added complication of a negative pressure at the 
bottom of the jet in the air cavity. The likely pressure distribution is sketched 
below 
section 1 
P, ! '-
~' / 
section 2 
section 3 
Applying Bernoullis equation between section 2 and 3 will show an 
increase in velocity between u 2 and u 3 because of the large reduction in 
pressure. Therefore flow over the ramp accelerates. The pressure along the base 
of the ramp has a large gradient moving from a large positive pressure at section 
2 to a negative pressure at section 3. dp/dx will have a large negative value 
especially near the spillway base giving rise to a large positive velocity gradient 
duldx near the base. Remember the jet downstream eventually has a uniform 
velocity distribution and hence a significant change from a logarithmic distribution 
on the spillway. 
The result of these observations is that velocity increases near the 
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base must be accompanied by transfers of momentum from the upper layers 
towards the base and hence a likely increase in turbulence in the flow along the 
ramp. 
Moving from Section 3 to Section 4 in the jet downstream may 
produce even more significant changes. The velocity gradient downstream in the 
jet must be almost zero because air produces much less shear than a solid 
boundary. An almost zero velocity gradient means that no new turbulence is 
generated, and any turbulence remaining at Section 4 is a remnant from Section 
3, a part of which has been dissipated and lost. Of course in the transitional 
region between Sections 3 and 4 there will also be some redistribution of the 
turbulence convected from Section 3. This is known as advection and will be 
more significant than turbulent diffusion because less shear exists at the jet edges. 
This re- distribution has been noted already for the vertical circular jets (section 
4.2). 
The arguments above are based on simple reasoning and are put to 
the test in the LOA measurements described in this Chapter. It is clear from all 
the graphs Figs 4.17 to 4.47 that a gerneral pattern exists which is not difficult 
to discern. In the interests of brevity consider only the w'lu data. In every case 
the turbulence w'lu at Section 2 is slightly greater than Section 1. The turbulence 
w'lu is significantly greater at section 3 compared to either Section 1 or 2. 
Finally, the turbulence at Section 4 is significantly less than at Section 3 revealing 
turbulence decay in the aerator jet. 
A review of Figs 4.17 to 4.47 reveals than in every case the 
turbulence measurements at Section 2 lie between those of Section 1 and Section 
3 in numerical value. This suggests a steady increase in turbulence from the 
spillway to the start of the ramp. 
Closer inspection of the results show that in most cases the increase in 
w'lu between Section 1 and 2 is significantly less than the increase from Section 
2 to 3 Relative increase in w'lu from section 1 to 2 vary from 0% to almost 10% but 
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average less than 5%, meaning that most af the turbulence generation occurs 
along the ramp itself from Section 2 to 3. 
Turning our attention to increases in w'/u from Section 1 to Section 
3, there is clear evidence of significant increase. In some cases the increase is 
less than 10% and in other cases is greater than 30%, revealing that a ramp 
significantly increases turbulence in a spillway flow. This has never been shown 
quantitatively before. Furthermore, until this stage it has not been known how 
turbulence varies with key parameters such as ramp angle <II, velocity u, depth of 
flow h, aspect ratio blh, Froude Number, Reynolds Number or Weber number or 
the degree of boundary layer development. The answer to this qestion may 
become clearer as we investigate each parameter in turn. 
A clearer idea of the increase in turbulence from Section 1 to 3 is 
shown in Fig 4.49 and 4.50. Fig 4.49 shows all the turbulence readings at section 
1 in the form of w'/u* rather than w'/u. The problem with normalising by the 
local mean velocity u is that it keeps changing from test to test. The benefit of 
normalising with the shear velocity U*, is that the turbulence is meant to scale 
with the shear velocity and hence it becomes a good parameter to compare 
various tests with. Fig 4.50 is all the data taken at Section 3. 
It is clear from these two figures that there is a significant difference 
in the values of w' at both sections and can be attributed to the effect of the 
ramp. At Section I, the median turbulence values reach approximately w'/u* = 
1.35 near the bed which compares very favourably with w'/u* = 1.23 by Nezu 
and Rodi (1986). 
At Section 3 on the other hand at the end of the ramp-, this 
median turbulence value has increased to around w'/u* = 1.75 near the bed 
showing very clearly that the ramp acts as a turbulence generator. 
Figs 4.17 to 4.47 also reveal a further phenomenon in the jet 
downstream of the end of the ramp. It concerns the turbulence measurement in 
the core of the jet at a point 300mm downstream of the end of the ramp at 
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section 4. This data is represented by dashed lines in the Figures, often giving 
measurements only around the jet centre line. The reason for this is sketched 
below and concerns the fact that air bubbles can become entrained both on the 
lower and upper regions of the jet. Hence LOA measurements are only possible 
within the core of the jet where air concentration are not significant. 
Section 3 
Returning to Figures 4.17 to 4.47 it is clear in many cases that w'/u 
values at Section 4 are significantly less than those at Section 3, indicating 
turbulence decay. In some cases the decay is so large that the values of w'/u at 
Section 4 are less than those that Section 1,2 and 3, indicating that ramp 
generated turbulence quickly decays in the aerator jet downstream. 
One point worth noting here is that Section 4 measurements were 
carried out at a fixed distance of 300mm downstream of the end of the ramp, 
thus varying the ratio xlh considarably from around 4 to 12 depending on the 
flow depth h. 
An analysis of the results revealed that the greatest decays in 
turbulence occured at the largest non- dimensional distances from the end of the 
ramp xlh 3 . Values of x/h 3 greater than 8 or 10 produced significant decays. The 
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SO smooth ramp also produced slightly greater decay than the other two angles 
but not significantly so. This will be discussed further in Chapter 6 section 6.2.2. 
Comparing the value of w'lu between Section 3 and 4, but only along 
the jet centre-line (depth hl2 ) shows a mean decay of turbulence averaged over 
all the results of around 10%. The value however disguises the fact that some 
turbulence values showed much higher dicreases, and some in fact showed 
increases in turbulence, albeit slight. 
Increase in turbulence can be understood very readily in the light of 
the circular jet measurements in Section 4.2 where boundary layer turbulence at 
the edge of the jet is advected towards the jet centre line during the plunge, 
often producing an apparent increase in turbulence in the inner core of the jet. 
This is a question of redistribution, rather than the formation of new turbulence. 
The same may be occurring in the ramp aerator case, although to much lesser 
extent, simply because the turbulence is much more fully developed by the time 
the the flow reaches the ramp, compared with the circular jet nozzle tests. 
A tentative conclusion from initial observations that the turbulence 
velocity w' does not remain constant along the length of the aerator jet L. This 
means that the quantity of air entrainment may also decrease along the jet 
length, particularly at values of xlh greater than 10. This will be explored in 
more detail in Chapter 6 section 6.2.2. 
4.3.4. The influence of the flow depth hand iet velocity u. 
on the turbulence readings 
The experimental procedure consisted of varying the gate opening at 
outlet of the pressure box from 180mm to 90mm to 60mm openings. For each 
gate opening the discharge was varried though the gate, broadly in the range 
0.015 m 3/5 to 0.052m 3/s. Flow under the gate entered the 45 0 spillway channel 
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forming a gradually varied flow profile. The range of profiles are presented in 
Chapter 5 together with the friction factors determined for a gradually varied flow 
analysis. 
Inspection of the smooth gradually varied flow profiles in Fig 5.3 to 
Fig 5.6 show that because of the steep slope and distance along the channel to 
the ramp, the effect of varying gate opening was not all that significant in terms 
of changing the flow depth at the ramp region . This can be seen by in Fig 5.3 
comparing the flow depth at distance 1m along the channel, for a discharge of 
0.03Sm 3/s, for instance. 
Further more the effect of varying the discharge ( at a given gate 
opening ) was to increase the flow depth more than increase the velocity at the 
ramp region. Because of this, the velocity at ramp region varied only the range 
6.25 mls to 7.7 mls for the smooth channel. Wider variation in velocity would 
have required changing the spillway slope 8, which was a time consuming 
operation, and was ruled out in preference to obtaining a more fundamental grasp 
of the flow phenomena at one slope. Velocities higher than 10 mls could be 
achieved (especially a smaller gate openings and larger discharge ) but tended to 
produce jets at the ramp which did not re- attach on the spillway before entry 
into the sump tanks below. 
In this section therefore an attempt is made to look at the effect of 
velocity and flow depth h on the turbulence readings. Remarks will be concentrate 
initially on section 1 so that effect of the ramp is removed. Remarks will also 
concentrate on the normal to the bed turbulence components w'/u, as these are 
more significant for subsequent air uptake and jet spread. 
The first point of note is that w'/u values generally increases with 
increasing flow depth. This is seen very clearly in the first three graphs Fig 
4.17(b), Fig 4.18(b) and Fig 4.19(b). If we consider only the highest value of 
w'/u experienced at section 1, then it is approximately 4.6% with h = 0.0315m, 
6.25% with h = O.06m and 6.5% with h = O.OSm. A very similar pattern is 
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experienced at other gate openings as can be seen for instance by comparing Figs 
4.23(b) to 4.2S(b). Turbulence intensity increases with flow depth h. 
The observation is not surprising in the light of turbulence 
measurements carried out in section 4.2. Inspection of Fig 4.16(a) and Fig 4.16(b) 
reveals that the jet centre line turbulence in the plunging circular jets increases 
with jet diameter ( as well as velocity ). 
In fact the circular jet measurements have shown that the jet 
turbulence measurements increases with Reynolds Number in an almost linear 
fashion as shown in Fig 4.16(b). It was also thought that the turbulence level in 
this work would also vary with the Reynolds Number simply because higher 
Reynolds Number produce higher turbulent energy in the smaller eddy length 
ranges. 
As a first crude attempt, the maximum values of w'lu at section 1 are 
plotted against a kind of Reynolds Number, namely q (= uh). This was chosen in 
the first instance for convenience. Reynolds Number of the flow Re = 4uRl v 
which for a wide channel approximates to 4uhl v, and because v is constant at 
constant temperature, than the product of u.h can be used as a representative 
Reynolds Number type value. This result is shown in Fig 4.51, showing that w'lu 
increases with Reynolds Number. Fig 4.51 highlights the problem with scale 
effects in aerators, because prototype values of q can often reach values of 30 to 
50 m 2/s ( or Reynolds Number around 4uh/v = 1 to 2 x 10 8 .) 
The graph of w'/u against the actual Reynolds Number (4uRl v) is 
shown in Fig 4.52 giving very similar results. Extrapolation of model turbulence 
data to the prototype scale is very difficult in this case because of the large 
difference in Reynolds Numbers of the two cases. One thing is certain is the 
prototype will have higher w'lu values than the model and hence entrain more 
air. There are no other previous sets of turbulence measurements to compare 
with. 
The maximum w'/u values at section 3 at the end of the ramp are 
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shown in Fig 4.53 and reveal a very similar pattern. 
Fig 4.54 is a plot of maximum w'/u. value at section 1 plotted against 
Reynolds Number. It is clear from this graph which is normalised by the shear 
velocity rather than the local mean velocity u, that the pattern with increasing 
Reynolds Number is similar to the above. 
The next point of interest concern the separation of the influences of 
velocity u and flow depth h on the turbulence values. Fig 4.51 or Fig 4.52 
contain a mixture of increase in u and h together. Refering to Fig 4.51 for 
instance, it is clear that the mean velocity range for this graph is very narrow, 
varying only from 6.25 mls to 7.7 mis, with all the higher points on the graph 
representing velocities in excess of 7 m/s. This means that the graph can be 
re- interpreted, as shown in Fig 4.55 corresponding to the velocities ranges 
indicated. 
This Figure now reveals a high dependence on the mean velocity of 
the flow u and a similar dependence on the flow depth h. This graph is very 
significant, showing that the turbulence in the flow increases significantly with 
velocity. It also rises the question about extrapolation to prototype velocities 
around 30 mls. 
This question will be addressed in Chapter 6, but mean- time some 
clues may be seen in the turbulence measurements from the circular nozzles and 
orifice described in section 4.2. 
It is clear from Fig 4.16(a) for the smooth nozzle jet centre-line that 
internal turbulence does not increase significantly for jet velocities greater than 
11- 13 mis, and up to that point turbulence varies almost linearly with jet 
velocity. A very similar pattern is found for the orifice jets, implying that 
velocity increases do not continue to produce increases in turbulence but that 
turbulence increases are more likely to level off at velocities in excess of 
approximately 10 mls. Scale effects are liable to be relatively small beyond this 
velocity range provided the flow depth is reasonable. 
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4.3.5 Influence of ramp angle on turbulence readings. 
The purpose of a ramp is to cause that jet trajectory to spring clear 
of the spillway surface and to produce a jet length (L) where the underside of 
the jet is in contact with the atmosphere. 
Ramp angles ell are traditionally not made much larger than 10 0 
because the resultant jet would rise too high, touching the tunnel soffitt, or 
alternatively rising above the side walls of an open channel chute spillway. For 
this reason, the range of angles chosen is usually less than 10 0 relative to the 
spillwa y slope 8. The range chosen in this work is 2 0, 5 0 and 10 0 • 
Section 4.3.3 has already revealed that the ramp acts as a turbulence 
generator with values of w' = 1.35 u. upstream of the ramp, and 1.75 u. at the 
end of the ramp at section 3. It was felt intuitively that larger ramp angles 
would produce greater turbulence generation and hence more air entrainment at 
the aerator jet. This was argued in the sense that larger ramp angles produce a 
larger shock to the supercritical flow, greater streamline curvature, greater 
pressure gradient and possibly greater turbulence. 
In order to test this thesis, maximum values of w'/u at the end of the 
ramp section 3 are plotted against ramp angle ell. This is done for constant values 
of discharge along spillway, q and shown in Fig 4.56(a), (b) and (c). 
Referring to Fig 4.56(a),(b) and (c) it is clear that the changing ramp 
angle makes no significant difference to the turbulence generated at the end of 
the ramp. This result is surprising, in the sense that a 2 0 ramp with its small 
deviation from the spillway slope should generate just as much extra turbulence as 
a 10 0 ramp with its much greater deviation from the spillway slope. Whatever 
physical process is involved in additional turbulence generation it is not much 
affected by ramp slope. 
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4.3.6 In fluence of boundary layer development and 
aspect ratio on turbulence. 
264 
It is apparent that the degree of boundary layer development will 
influence the magnitude of turbulence felt at the region of the ramp. As a first 
estimate, the boundary layer thickness 0 on a smooth boundary can be given as 
0.38 x 
(4.4) 
[ Rex] 0.2 
where x is the distance from the start of the spillway and Rex = uX/", where u 
is the flow velocity. 
It follows therefore that the velocity at the ramp is around 7 mls and 
the distance x is 1.9 m, therefore the boundary layer thickness 0, in the region 
of ramp is; 
o ;:;:: 0.028m (4.5) 
An inspection of the data in Figs 4.17 to 4.40 for smooth boundaries only, 
reveals that the flow depth in the ramp region varies approximately 0.023 m to 
0.08 m for the turbulence measurements. This means that the shallowest flow 
depths in fact represent fully developed flow as OIh ;:;:: 1.0. The deepest flows 
represent OIh ;:;:: 0.3 and therefore have turbulence developed only in the lower 
third of the flow. This in fact is not the case, as already discussed in section 
4.3.2. The deepest flows ( and the lowest OIh values) in almost all cases that 
have greatest values of turbulence intensity over the flow depth h, either because 
they have much higher Reynolds Numbers of flow, or there is more turbulence 
transmitted from the upstream pressure box and sluice gate. 
It follows therefore that no meaningful analysis can be carried out on 
boundary layer development in this work. This is because greater boundary layer 
development OIh is achieved by lowering the flow depth h. which in turn lowers 
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the Reynolds Number of the flow and in turn lowers the turbulence. One effect 
is counter- balancing the other. 
A similar argument applies to the aspect ratio of the channel. It is 
thought that the curvature of the streamlines passing over the ramp will cause 
longitudinal vortices to form (secondary cells) as shown below and described by 
Goertler (1945). 
r r 
" ';,'" "j 
, ' 
curved stream lines 
Such helical cells increase the turbulence felt in the flow and are 
likely to be a maximum when the aspect ratio of the channel is 2,4,6, etc. 
On the other hand varying the aspect ratio blh, is likely to produce a 
varying influence from the side walls so that if a boundary layer of 0.028 m 
thickness has formed on the channel bed, then it is likely to have comparable 
magnitude in width for each of the side walls. Thus a channel of 0.1 m wide as 
in the case, will have boundary layers from the side walls, each 0.028m wide and 
occupying approximately half the channel width (total). 
Combining these two ideas for the fixed channel width in this work 
0.1 m, the maximum turbulence is likely for an aspect ratio around 4 (or depth 
::::: 0.025 m). 
The results of maximum turbulence intensity (w')max I u at the end 
of the ramp (at section 3) are plotted against aspect ratio and shown in Figs 
4.57 (a),(b),(c) and (d), for the 50, 2 0, and 10 0 smooth cases, as well as 50 
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rough case. 
It appears from all four graphs, at every ramp angle, the maximum 
turbulence decreases with aspect ratio. Again, it must be stated that this may be 
a very misleading picture. This is because the aspect ratio blh, has a fixed value 
of b , and was increased by decreasing the value of flow depth h. By decreasing 
h, the Reynolds Number is greatly reduced and hence the turbulence values 
resulting. 
Hence Figs 4.57 (a) to (d) is more likely to be showing the influence 
of decreasing flow depth h rather than increasing aspect ratio b/h. 
4.3.7 Influence of boundary roughness (k,) on turbulence measurements. 
One of the key tests for both turbulence measurement and air uptake 
measurement concerned the variation of the upstream spillway boundary roughness. 
In the case of this work, boundary roughening was achieved by means of adhesive 
sand paper from the pressure box to the end of the ramp. Details of this have 
been described in section 3.3 and friction factors for the roughened bed are given 
in Chapter 5, section 5.2.3. A typical friction factor for the smooth case is 
around 0.018 whereas for the roughened case it is more of the order of 0.027, a 
50% increase. 
The purpose of introducing boundary roughness was to induce extra 
turbulence at the ramp and jet. This is based On the premise that w'/u. is 
approximately the same for rough and smooth boundaries. That is, at any given 
depth up from bed, w'/u. :::: K, whether rough or smooth. 
It follows therefore that because 
then, (4.6) 
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(4.7) 
and hence turbulence intensity w'l u can be increased by simply increasing the 
friction factor }., via the boundary roughness. 
The values of w'lu at section 1 along the spillway, are shown in Fig 
4.58 for both smooth and rough boundaries. Based on Equation (4.6) above we 
would expect an increase of w'l ~ of the order of (0.027/0.018)! :::: 20%. It can 
be seen from Fig 4.58 that the values of w'/u. are similar for both rough and 
smooth cases, whereas the value of w'lu is approximately 15% to 20% greater in 
rough case compared with smooth case. 
This implies that if air entrainment rate is dependent on the turbulent 
velocity w', then it is preferable to scale w' on the shear velocity u. rather than 
the mean velocity u. This is discussed further in Chapter 5 and Chapter 6. 
4.4 Main conclusions from turbulence measurements, 
Initial turbulence measurements on the vertical plunging circular jets 
reveal 
(i) For the low turbulence circular nozzle jets, the centre line turbulence 
increases with jet plunge length. This is due to a redistribution of turbulence 
from the edge of the jet towards the centre. 
(ii) For the higher turbulence circular orifice jet, the jet centre line 
turbulence increases initially with jet length, reaching a maximum and decaying 
thereafter. Atmospheric jet turbulence must eventually decay because velocity 
gradients decay to almost zero. 
(iii) Turbulence values generally increases with velocity, jet diameter and 
hence Reynolds Number. 
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Turbulence measurements along the spillway. ramp and jet reveal 
(i) Variation of turbulence with depth up from the channel bed is flatter 
and of greater magnitude than previous subcritical open channel flow 
measurements. This is connected with the fact that turbulence is transmitted from 
the upstream pressure box as well as boundary layer turbulence, and also because 
of the supercritical nature of the flow. 
(ii) Values of turbulence are also higher than previous subcritical 
measurements, particularly in the case of u'/u more than w'/u. 
(iii) The ramp acts as a turbulence generator with values of w' := 1.35 u. 
near the wall upstream of the ramp, increasing to w' := 1.75 u. near the wall at 
the end of the ramp. 
(iv) Downstream of the ramp, turbulence decays in the jet the decay 
becoming significant at jet lengths (xlh3) greater than 10. 
(v) Turbulence measurements along the spillway increases with jet velocity, 
flow depth and Reynolds Number. (observation from circular jet measurements 
shows that turbulence does not increase significantly for jet velocities greater than 
10 - 13 mls). 
(vi) The effect of varying the ramp slope ell from 2 0 to SO and to 10 0 
produces negligible change in the turbulence values generated at the end of ramp, 
section 4 .. 
(vii) Variation of aspect ratio (b/h) of the flow, shows an apparent decrease 
in turbulence as blh increases from 1 to 5. This, for the most part, might simply 
reflect the reduction in h to produce increase in b/h. A reducing flow depth h, 
reduces Reynolds Number and turbulence values. 
(viii) Introducing a rougher boundary increases the values of relative 
turbulence intensity w'lu by around 15% to 20%. 
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5.1 INTRODUCTION 
The results presented in this Chapter concentrate on the air flow or 
air entrainment rate, in the aerator. This is done for a range of ramp angles 4>, 
pressure box gate opening Y g' for two boundary roughness values, for a range of 
water discharge rates Ow' and for a controlled range of underpressure under the 
jet, .oh. 
The main purpose of this Chapter is to investigate the influence of 
each parameter on the air entrainment rate. This includes the relationship 
between aeration and turbulence generated at the ramp, and also includes the 
relationship between aeration and cavity under pressure, flow velocity, ramp angle, 
jet length, and boundary roughness. This procedure is some what complicated by 
the fact that many parameters depends upon each other, as well as determining 
the air entrainment rate. 
Having established the influence of each parameter on the air 
entrainment process in this Chapter, then the role of Chapter 6 is to combine 
the flow turbulent structure from Chapter 4 with the air flow data in this 
Chapter to form a new approach to aerators, which hopefully can be applied to 
prototype and model aerators alike, and to a range of design types. 
The early part of the Chapter, however, establishes the nature of the 
gradually varied flow profiles along the spillway chute and offers values of 
D'arcy- Weisbach friction factors 'A' as well as Mannings 'n' values for both the 
smooth and rough cases. 
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5.2 GRADUALLY VARIED FLOW IN THE SPILLWAY CHUTE . 
5.2.1. Introduction 
Before discussing the air flow measurements proper in section 5 .3, it is 
important to establish the gradually varied flow profiles along the spillway chute 
for the range of discharges and gate openings involved. 
This investigation was done by measuring the gradually varied flow 
profiles and then comparing with gradually varied flow analysis using the Direct 
Step method. By adjusting the friction factor in the Direct Step method , the best 
fit between the two is achieved and hence estimates of the Dlarcy- Weisbac h 
friction factor and Mannings In I value are possible both for the rough and 
smooth boundaries. 
There are two possible approaches to Direct Step method for 
,calculating the gradually varied flow profile along a spillway chute, namely the 
energy method and the momentum method. 
(a) The Energy method .' 
From hydraulics theory the total energy in any streamline passing 
through a channel section may be expressed as total head in meters of water, 
which is equal to the sum of the elevation above a datum, the pressure head, 
and the velocity head as shown on Fig 5.1. Equating the total heads at the two 
end sections 1 and 2, we can write the following equation, 
AX sinO + h, cosO + v,2j2g (5.1) 
where 
h 1 = depth of water at section 1 normal to channel bed. 
h 2 = depth of water flow at section 2 normal to the channel bed. 
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AX sin 0 is the distance between the bottom of channel at section 1 and the 
datum. "0" is the inclination of the channel to the horizontal. v I 2/2g is the 
velocity head at section 1 and v 2 2/2g is the velocity head at section 2, assuming 
Q to be 1. 
hf = energy head loss ~ Sf AX, where 
Sf = average of friction slope. 
Reorganising equation (5.1), 
.o.X sinO - AX Sf 
.o.x (s i nO - Sf) 
Therefore, 
(h2 - hI) cosO + [ V22/2g - v12/2g 1 (s. 2a) 
(h2 - hI) cosO + [ V22/2g - v12/2g 1 ( s . 2b) 
(h2 - hI) cosO + 
( s . 2c) 
sinO 
For the case when the angle is 45 0 (i.e experimental setup) 
(0.7071 h2 + V22/2g) - (0.7071 h l +v I 2/2g ) 
.0. X (s.2d) 
sinO Sf 
.o.E 
or .0. X (5.3) 
sinO - Sf 
where .o.E is the change in specific energy between the two sections. Equation 
(5.3) is reasonably accurate for small increments of .o.X, but not in the region of 
a control section. 
In considering parameters for the calculation of the energy line slope, 
either Manning's or D'arcy- Weisbach equation could be used . The 
Darcy- Weisbach equation derives from the pipe head loss equation, 
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L v 2 
(5.4) 
D 2g 
where hflL is the slope of the energy line (Sf)' and when applied to open 
channels, the pipe diameter is substituted by 4R ( where R is the hydrau lic 
radius). Thus equation 5.4 becomes; 
(5.5) 
8gR 
where A is D'arcy- Weisbach friction factor, which in turn may be determined 
from the Colebrook- White Equation provided the ReynOlds Number and 
equivalent sand grain roughness size ks' are known. Some Engineers resort to u e 
of the Manning's Equation, where friction factor (n) remains almost constant. The 
Manning's equation could be rewritten as: 
1 
V R2/3 S ' (5.6) 
n 
or 
n 2 v 2 
Sf -
R4/3 
(5.7) 
(b) The Momentum method. 
Considering Fig 5.2 and according to Newton's second Law of motion, 
the change of momentum per unit of time in a body of water in a flowin g 
channel is equal to the resultant of all the external forces that act on a body. 
Applying this principle to the sectional elevation shown in Fig 5.1 the result is : 
P1 - P2 + Mg sin O - Ff p {3 Qw ( V 2 - V 1 ) (5.8) 
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where: 
P1 = resultant pressure at section 1 
h1 = depth of flow at section 1 
v 1 = mean velocity of flow at section 1 
P 2 = resultant pressure at section 2 
h2 = depth of flow at section 2 
v 2 = mean velocity of flow at section 2 
Ff = frictional force 
(3 = momentum correction factor 
h = average depth of the flow 
M = mass of the water 
8 = inclination of the bottom of the channel to the horizontal 
.ox = distance between section 1 and section 2 
Assuming the width of the rectangular channel is b, 
(3 = momentum correction factor = 1.0 
p = density of water 
g = gravitational constant 
Ow = discharge of water 
hence. pressure. mass and frictional force can be written as; 
P 1 = 
, P g b h, 2 cosO 
P 2 = 
, P g b h2 2 cosO 
M = p b h .o.x , where h = (h, + h 2) / 2 
Ff = (p g h b .o.x n 2 v 2) / R4/3 
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The value of frictional force (F f) above and shown in Fig 5.2 is 
derived from uniform flow considerations, as it can be shown for open channel 
flow that the weight component along the plane of the channel is exactly 
balanced by friction, as; 
T f P oX p g A ox sinO (5.9) 
Now, from Manning's equation (5.7), 
Tf p g (5.10) 
and hance the total friction force (T f P oX ) is given by, 
h b 
Ff p g p oX p g oX (5.11) 
R 
subsitutiting the values of P" P 2' M and F f in equation (5.11) and dividing by 
(p g b h ) the equation 5.11 becomes as; 
(h2 - hI) cosO + oX sinO - oX ( v 2 - v, ) (5.12) 
g h 
where qw is the water discharge per unit width but, 
h 
Therefore, 
(v 2 + v,) 
2 
, and from Manning's equation Sf - -------
R4/3 
(h2 - hI) cosO + 6X (sinO - -----) = 
R4/ 3 
(v 2 - v,)(v 2 + v,) 2g (5.13) 
Arranging equation 5.13 , 
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.oX (sin O - Sf 
finally, 
1 
2g 
(h2 - hI) cos O + 
.oX 
sin O 
which is same as the energy method, when 0' = {3 = 1.0 
5.2 .2 Comparison of measured profiles with direct step method . 
334 
(5.14) 
(5.15) 
The gradually varied flow water surface profiles were measured for a 
range of gate openings, and for each gate opening, a range of discharges up to 
0.052 m 3/S. This was done for both the smooth and rough boundaries . 
A pointer gauge was used for the measurements of the water flow 
depth although this procedure is difficult for high velocity steep flows. The 
experimental results using a pointer gauge were complemented by estimates of 
flow depth from the known total discharge Qw, combined with a knowledge of 
the mean velocity u from the array of pitot- tube measurements over the 
cross- section. 
The results are shown in Fig 5.3 to Fig 5.6 covering the 180mm , 
90mm and 60mm gate openings for the smooth boundary, as well as the 180mm 
gate opening for the rough boundary. The theoretical water surface profile was 
plotted by trial and error method, by obtaining the best fit friction factor once 
the rough estimate of friction factor was obtained by using Equation (5.5) . The 
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comparison between experimental data and theoretical water surface profile using 
Direct step method is shown in Fig 5.3 to Fig 5.6 revealing a good correlation . 
5.2.3 Flow resistance coefficient for the rough and smooth channel. 
The three main relationships for discharge in an open channel are 
Chezy, Manning and D'arcy- Weisbach equations. 
(i) Chezy's equation is given by: 
Q 
where C is Chezy's coefficient for frictional resistance. 
(ii) Manning's equation is given by: 
1 
Q 
n 
where; 
0 Discharge of flow 
R Hydraulic radius 
A Cross sectional area 
S = Longitudinal slope of the channel 
n = Manning's coefficient 
(5.16) 
(5.17) 
Manning's equation is often chosen to give a quick and reasonably 
accurate prediction of the water surface profiles. The main draw back of equation 
5.17 is assumption of a constant" n " value for all flow depths . 
The third relationship is the D 'arcy- Weisbach equation: 
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Q A 
where; 
A = D'arcy- Weisbach coefficient. 
The three equations are related by : 
c 
R '/ 6 
n 
336 
(5.18) 
(5.19) 
The D'arcy- Weisbach equation is now the most widely accepted in 
this field because of the non- dimensional term of A. The value of friction factor 
A is most commonly evaluated from Colebrook- White equation for pipes. 
1 [ ks 2.51 ] - 2.0 Lag,o + (5.20) 
.rr 14.81 R Re .r>:" 
where; 
A = Friction factor 
Re = Reynolds number 
R = Hydraulic radius 
ks = Equivalent sand grain roughness size 
The above equation (5 .20) for pipe flow contains both smooth and rough part 
together. When the value of ks is zero, the smooth part of equation (5 .20) can 
be written as in the form, 
1 
A Lag, o [Re;-r-) - B (5.21) 
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The values of A & B for the water surface profiles in steep slopes were 
calculated by using Direct Step method. This was achieved by knowing Sf 
experimentally, and then using Equation (5.5) to obtain the friction factor >... The 
>.. value was then plotted against Reynolds Number, and by regression analysis the 
best curve fit (Fig 5.7 ) reveal the following mean values. 
For Yg = 60mm, 90mm and 180mm A = 2.0 B = 1.99 
The general equation becomes; 
1 
2.0 Log lO [Re J"'T"j - 1.99 ( 5 . 22) 
The comparison between the experimental data and Eq (5.22) is given 
in Fig 5.7 revealing a good correlation. 
Having establised the friction factor A for the smooth channel, it was 
decided to use this value of A to calculate the equivalent Mannings "n" value for 
each flow. This is achieved using the relationship, 
R lis 
n 
(5.23) 
The theoretical curve of Mannings "n" based on Equation (5 .22) above 
is now compared with the experimental values of Mannings "n" as shown in Fig 
5.8. The experimental values of Mannings "n" is determined from Direct Step 
method using the Eqution (5.7) or directly from Equation (5.23) above. 
Finally the same procedure was carried out for the roughened 
boundary. The roughness was achieved by using a water proof, self- adhesive strip 
of emery paper along the length of the spillway from the pressure box to the 
end of the ramp. The roughened paper had a texture of sand paper and wa 
placed on the bed only, but not the side walls. The aim of this was to produce 
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extra turbulence near the channel bed in order to entrain more air into the 
aerator jet. 
The experimental friction factors were determined as before (A = 
8gRSf/u 2) and plotted with the Reynolds Number as shown in Fig 5.9. 
These experimental values are now correlated by the full Colebrook 
White equation to determine the best- fit value of ks' The full equation including 
the modified smooth part from Equation (5.22) is given by; 
- 2.0 Log 10 [ 9.89 ] (5.24) 1 + 14.81 R Re ..r-r-
It can be seen from Fig 5.9 that the best fit for ks is 0.35mm. It is clear from 
Fig 5.9 that A had increased by a substantial amount, going from approximately 
0.018 in the smooth case to 0.027 in the rough case. 
The equivalent values of Mannings "n" for the roughened channel are 
shown in Fig 5.10. Fig 5.10 shows that Mannings 'n' increases very sharply at 
lower depths because of greater roughness at the bed. 
5.3 EXPERIMENTAL AIR FLOW MEASUREMENTS 
5.3.1 Introduction 
In this section the experimental results of air entrainment rate are 
presented in relation to turbulence measurements (Chapter 4 ), cavity under 
pressure, flow velocity, jet length, ramp angle and surface roughness. 
Each parameter will be investigated within one particular frame work 
of understanding, namely, that air flow is proportional to turbulent velocity w' 
and the jet length L, for any given geometry. 
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ex: w' L (5 . 25 ) 
Because the value of w' scales on the shear velocity u*, as we have 
discovered in Chapter 4, and the value of u* also scales on the mean velocity, 
u* = ~ .r>J8 then for a given velocity we might write tentatively, 
ex: u L (5.2 6) 
or in non- dimensional terms, the air/water ratio may be expressed as, 
(5.27) 
In an aerator design. qa (above) is unknown, but so is the jet length 
L. For this reason many authors have opted for a simpler solution by recognising 
that the jet length Uh is dependent primarily on the Froude Number of the flow 
at the end of the ramp, then 
ex: (5 . 28) 
The Froude Number can be calculated by gradually varied flow analysis 
so that at the ramp. (Fr 3 = u 3 / ~). This means that (3 may be 
determined directly . 
Many authors including Wood (1984). Kobus (1984), Bruschin (1987) 
and P. Rutschmann (1986) have shown Froude Number correlations. The problem 
with each correlation is that the equation (3 = K Fr, requires a knowledge of K, 
which apparently varies with every geometry tested showing no consistent pattern, 
and also varies between model and prototype results. This is unacceptable, 
because it means that a new aerator cannot be designed without further model 
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studies. The fact that K keeps varying inconsistently shows the Froude Number 
correlation to be suspect. 
The main thrust for this work therefore was not to provide new 
correlation between air/water ratio and Froude Number, but instead to use a 
more fundamental approach to the physical flow behaviour involved, in order to 
produce more reasoned method of calculating the aeration rate. 
This would mean an understanding of the role of a ramp in generating 
turbulence, the subsequent decay in turbulence in aerator jet, the link between 
turbulence and aeration rate, as well as a fundamental view of scale effects. As a 
first step the intention is to investigate how aeration varies with geometrical and 
flow parameters. These include the turbulence generated at the end of the ramp. 
the cavity underpressure, the velocity of the flow, the ramp angle, the jet length 
and the spillway surface roughness. 
5.3.2. The experimental air flow measurements in tabular form 
The main experimental parameters for the air flow tests are shown in 
Fig 5.11. The range of variation of each parameter has been discussed already in 
Chapter 3. The ramp angle <I> was varied from 50 to 2 0 to 10 0 each with a 
smooth boundary, and back to 50 with a rough boundary. Each ramp angle was 
tested over a range of three gate openings, namely 180mm, 90mm and 60mm for 
smooth and rough boundary. The three ramp angles, two roughnesses and three 
gate openings gave rise therefore to 12 main test situations. The experimental 
results from these are listed in Tables (C.1) to (C.12) in Appendix C. 
A review of the experimental data in Tables (C.l) to (C.12) is given 
in this Chapter. The first column in each table gives the water discharge 
measured from the orifice plate and as seen, varies in the range approximately 15 
Q./s to 52 R./s. The depth of flow at the end the ramp, h 3 is given. this with 
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most of the depth measurements varying in the range 20mm to 80mm. The 
mean velocity at the ramp section u 3' is now determined from water discharge 
and flow depth h 3' 
It is seen from Tables (C.I) to (C.12) that three values of .oh are 
measured with corresponding jet lengths L and air flow rate Q a . The values of 
.oh were arrived at as follows:-
the first result always read zero .oh, this being the test where air is blown 
into the cavity, with the cavity pressure reading at atmospheric. This is adjusted 
by valves upstream of the cavity. 
-- the valves are then closed completely allowing no air along the duct pipe. 
The underpressure .ohmax is measured. The second measure of .oh has been made 
approximately equal to .ohmaxl2 and again adjusted by valves in the air line. 
-- the final reading is then usually somewhere between .oh= 0 and .oh= 
Ahmaxl2, although occasionally it is greater than .ohmax'2 depending on the limits 
of inclined monometer, used for .oh measurements. 
The subsequent value of jet length is measured for each value of .oh 
underpressure as is the air flow rate Qair. The air flow rate did not required to 
be adjusted to atmospheric pressure because of the small head loss from the 
measurement point to the cavity. 
5.3.3 A frame work for understanding the air flow results 
It is useful in discussing the air flow data, to build- up a picture of 
the physical flow behaviour, even in simple terms, to allow an in- depth analysis 
to proceed in Chapter 6. The physical frame work used in this work is sketched 
below. 
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It is argued that the air entrainment per unit channel width qa. is 
dependent mainly on the turbulent velocity w' (which varies along the je t length) 
and also the jet length itself. 
The simplest possible relationship can be given by; 
L 
f w' (dx) - w' (1 ) ( 5.29) 
o 
Such a relationship seems deceptively simple , but hides a range of 
complex interactions . 
For instance. the value of w' along the jet length has been discussed 
in Chapter 4 . It is clea r that the value of w' along the jet is dependent on the 
turbulent value at the end of the ramp (w' 3)' which in turn is heavily influenced 
by the flow Reynolds Number. The value of w' also decays in the x direction . 
showing little decay for x / h 3 va lues less than 10 . but considerable decay after 
that value . This means that even the simplest functional relationship for w' along 
the jet downstream of the ramp might be of the form 
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w' 
- f [ 
W' 3 x 
Re ] (5.3 0) h 
Exactly the same argument is valid for the jet length L in Equation 
(5 .29) . The values of jet length L must be a complex function of the angle of 
the spillway slope 0 , the angle of the ramp ¢, the velocity at the ramp u 3 ' the 
pressure in the cavity Ap or (Ah), as well as the turbulent velocity w' already 
mentioned (which determines the rate of jet spread) . 
Thus the simplest functional relationship which might be employed in 
this case would be, 
L 
- f [ () ¢ , 
w' ] (5 . 31) 
In this research work '8' is constant and hence is ignored in the 
ensuing discussion. The ramp angle ¢ may be important as may be Froude 
Number at the end of the ramp. It is a matter of interest that many correlations 
include Froude Number in describing the air entrainment rate in aerators , but 
ignore all three terms in Equation (5 .30). The term Ah/h 3 is also significant and 
w'/u
3 
is already included in Equation (5.31). It is of interest to note that u 3 = 
~ u*. and hence includes the frictional resistance coefficient of the spillway. 
Thus combining Equation (5.30) and Equation (5 .31) we conclude that 
the air flow rate (w'L) in its non- dimensional form is a complex function, 
(3 - - f [ 0 • fr 3 ' 
w' 3 x 
, Re , ] ( 5.32) 
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Even though this relationship is' complex, it assumes that air is 
entrained freely over the free surface and that surface tension effects are 
negligible. This may not be the case in such model studies as this, and hence 
Weber Number should also be included. 
The important thing now, is to work through these parameters one by 
one, to obtain a clearer idea of the influence of each one. 
5.3.4 Aerator ;et lengths. 
The first step in investigating the nature of the qa oc w'L relationship 
is to concentrate on the expression for aerator jet length L and how each 
parameter in Equation (5.31) contributes to the jet length. In particular it Is 
important to look at the relationship between Uh 3 and the jet Froude Number 
(Fr 3) as this is the most common substitution in determining the air/water ratio 
of aerators. i.e rather than use (3 oc Uh, it is common to have (3 DC Fr. 
It was decided therefore to plot graphs of the experimental values of 
non- dimensional jet length Uh 3 against the Froude Number of the flow at the 
end of the ramp (Fr 3 = U 3 / .Igil3)· This has been done for each ramp angle 
¢ from 2 0, 50 and 10 0, for both boundary roughness values, and for discrete 
bands of measured cavity under pressure .o.h/h. The result is shown in Fig S.12(a) 
for zero underpressure (.o.h/h = O),and in Figs S.12(b),(c),(d) and (e) for under 
pressure bands .o.h/h = 0.1 to 0.2; 0.2 to 0.3; 0.3 to 0.4; and 0.5 and above, 
respectively. 
The most striking feature of Figs S.12(a) to (e) is the apparent 
linearity between measured jet length Uh 3 and jet Froude Number explaining 
why many previous correlations for air entrainment rate have proved popular, 
namely that Fr can be substituted for Uh. 
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The second feature is that once linearity is assumed, then lines 
extrapolated to the x axis cut at a certain Froude Number, (around 2.5 to 4 in 
the case) which appears to be the minimum Froude Number to cause Llh to be 
greater than zero. This patently has little physical meaning, but can be used as a 
device meantime to explore the w'L relationship. 
Each graph in Figs 5.12(a) to (e) therefore takes up a form 
(5.33) 
where K 2 has a value around 2.5 to 3 for the 2 ° and 5 ° ramp, rising to K 2 = 
4.0 for the 10 ° ramp. The value of K" therefore depends on the ramp angle, 
the degree of underpressure .oh/h and the degree of boundary roughness, as 
predicted in Equation (5.32). For instance, if we plot the value of K, (slope of 
each line) for Figs 5.12(a) and (b) only, then the variation of K, for each ramp 
angle for the smooth boundaries only, is shown in Fig 5.13 revealing a 
non- linear variation of jet length with ramp angle ¢. It should be noted 
immediately that this relationship is valid only for a 45 ° spillway slope, zero 
offset, smooth boundary and for a range of Reynolds Number tested. It is not 
valid for any other geometry and highlights very clearly the problem with Froude 
correlations, requiring unique values of K, and K2 for each geometry tested. 
The effect of increasing .oh/h at a given Froude Number for the 2 0 , 
50 and 10 0 ramps, covering the full range of underpressures is shown in Fig 
5.14. This graph shows that as the .oh/h value increases from zero to 0.5, then 
the Uh 3 value decreases substantially. This graph is for one Froude Number 
range, namely Fr = 10. 
The variation of jet length with boundary roughness is also indicted in 
Figs 5.12(a) to (e) by comparing the jet length for 5 ° smooth with 50 rough. 
For Fig 5.12(a) for .oh/h = 0.0, the 5 ° rough boundary produces slightly lower 
jet lengths than the 50 smooth boundary. This was to be expected because the 
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values of turbulent velocity w' are greater in the rough case and hence the 
bottom edge of the jet spreads more rapidly, hence producing a shorter jet length 
effectively. A similar picture is obtained from Figs 5.12(c),(d) and (e). 
At this point we note the most likely explanation for previous 
correlation of air/water ratio in aerators. If we take a typical example, such as 
the one produced by P .Rutschmann (1986) and Kobus (1988) of the form 
{3 K, (Fr (5.34) 
then it appears that previous authors were simply using formulation «if the jet 
length (Uh) to describe the air/water ratio ({3). This approach cannot be valid 
because:-
(a) It takes no account of reduction in w' along the jet length and hence 
assumes no variation in entrainment rate along the total jet length. 
(b) The empirical constants are relevant only to one geometry and scale 
and cannot have general applicability. 
5.3.5 Air entrainment and turbulence level. 
At this point we return to the simple formulation qa ex w'L. It has 
become apparent in section 5.3.4 that the jet length Vh is a complex function of 
Froude Number, ramp angle 4>, cavity underpressure Ah/h, the boundary roughness 
les, as well as other parameters not varied such as spillway slope 8 and offset 
height hs · 
However, if the measured value of jet length is used then the 
parameter CJa/L is the rate of air entrainment per unit surface jet area exposed 
in the cavity region. This is because qa/L = Qa/bL, where b is the spillway 
width. Therefore qa/L becomes a measure of the efficiency of the jet in 
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entraining air for each range of conditions. 
If the measured value of qa/L is plotted against the jet turbulent 
velocity Wi, then it can be seen if there is any validity in the qa oc w'L concept. 
The problem in this plot is that Wi keeps reducing along the jet length and also 
it has not measured continously along the jet length. To overcome this problem it 
was decided to plot qa/L against Wi 3' the turbulent velocity at the end of the 
ramp. This is a measure of Wi along the jet. Hence, any spread of results in the 
Cla/L against Wi 3 graph will reflect the variation in Wi along the jet length. 
The result is shown in Fig 5.15 for all results with zero cavity 
underpressure .o.h/h = O. The result is extremely interesting because the data 
shows linearity between Cla/L and Wi 3 when the lines are drawn through Wi 3 ::;: 
0.3m/s on the x - axis. By coincidence, this is the value of minimum turbulent 
velocity to entrain air predicted by Ervine and Falvey (1986). Inspection of the 
results shows that lines fan- out from this point at a slope depending on the jet 
length Uh. Short jets Uh < 10 produce the steepest slopes, whilst very long jets 
Uh > SO produce shallow slopes. 
The general form becomes, 
C, (W'3 - 0.3) (5.35) 
where C, becomes the slope of each line and hence is a function of Uh. Hence 
w. = 0.3 m/s is confirmed as a good approximation for the onset of air 
3 
measurement. 
The same graph is repeated in Figs 5.16(a),(b),(c) and (d) with the 
data points sub- divided in each geometry tested. namely 5 o. 2 ° and 10 ° smooth 
together with the 50 rough. Again this refers only to zero underpressure .o.h/h = 
O. For each of the four graphs, a minimum turbulent velocity to entrain air of 
0.3m/s was assumed, and the value of C, in Equation (5.35) above was 
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determined, from the upper and lower range of slopes. The result showing how 
C 1 varies with jet length is given in Fig 5.17. 
Fig 5.17 is very significant in the sense that it indicates that 
short jets Uh < 10 are most efficient in entraining air giving air entrainment 
rates of the order 
whereas very long jets 
order 
1.3 (w' 3 - 0.3) for Llh < 10 (5.36) 
Llh > 50 reveals an approximate relationship of the 
0.3 (w' 3 - 0.3) for L/h > 50 (5.37) 
5.3.6 Air entrainment rate and cavity underpressure. 
Even a cursory glance at the experimental data in Tables (C.t) to 
(C.I2) in Appendix C, reveals a strong inter- relationship between air entrainment 
Oa and underpressure value 6h/h (sometimes written as 6p/pgh). 
It was decided to investigate the effect of 6h/h because of its 
importance in the design of the air venting system. An under sized air vent will 
result in a large underpressure 6h/h and hence less air intake. Values of 6h/h in 
this work were adjusted by values in the air inlet system and covered 
approximately the same range as prototype structures namely 6h/h =:: 0.0 to 0.7. 
The simplest possible presentation of the effect of cavity underpressure 
is a plot of air flow (Oa) against water flow (Ow) for each of the four 
geometries tested, and for each band of cavity underpressure (6h/h) an increment 
of 6h/h of 0.1. The result is shown in Figs 5.18(a),(b).(c) and (d) representing 
the 5 0 ,2 0 and 10 0 smooth, plus the 50 rough geometry. Figs 5.18(a), (b), (c) 
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and (d) clearly shows the bands of .o.h/h. As the values of .o.h/h increases the 
quantity of airflow decreases, which is true of course for all geometries i.e 2 0 , 
S 0 and 10 0 smooth boundary and as well as 5 0 roughened boundary. 
The next method of presenting the effect of cavity underpressure 
concerns the result of dimensional analysis given in Equation (5.32). In this case 
it is advantageous to plot the air/water ratio (3 against the Froude Number 
(u / 19h 3) for each of the four geometries (<I> and Its) but also for each band of 
cavity underpressure .o.h/h. This is shown in Figs 5.19(a) to (d) corresponding to 
the 50, 2 0 and 100 smooth, together with the 50 rough case. Figs 5.19(a}, (b), 
(c) and (d) also shows clear bands of .o.h/h. 
5.3.7 Variation of air entrainment rate with mean flow velocity. 
The reason for investigating this area is that many early correlations of 
aeration used the mean flow velocity in the form 
J( u L (5.38) 
which never proved satisfactory because of large variation in K. The reason the 
formulation above is unsatisfactory is now easily seen in the light of earlier 
discussion in Chapter 4 and Chapter 5. For example, 
(i) Aeration in ramps occurs only when a certain minimum velocity is 
exceeded of the order umin :::: 3m/s. This is easily seen from section 5.3.5 which 
reveals that aeration commences around w' 3 :::: O.3m/s. At the end of the ramp 
the turbulence w' / u is typically 10%, giving a minimum mean velocity to cause 
aeration around 3m/s. This is reflected in Equation (5.38). 
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(ii) Equation (5.38) takes no account of the effect of jet length Vh. We 
have seen already that long jets are not efficient at entraining air and hence the 
K value is likely to decrease for Uh > 10, but remain reasonably constant for 
Uh < 10. 
(iii) Equation (5.38) takes no account of cavity underpressure and hence 
must represent only the upper limit situation where .o.h/h = 0.0. 
(iv) Equation (5.38) takes no account of Reynolds Number or turbulence in 
the flow. That is, the value of K would be different comparing model and 
prototype, mainly because the value of w' 3 is greater in prototype compared with 
model. 
One drawback with this experimental research project is the small 
range of ramp velocities mainly in the range of 6 m/s to 7.7 m/s. The reason 
for this was the constant spillway slope used 8 = 45 o. The narrow range of 
velocity makes an analysis of Equation (5.38) above more difficult although 
additional model and prototype data from other sources will be used in 
Chapter 6. 
The first step was a plot 'la/L against the mean flow velocity at the 
end of the ramp section 3. This is shown in Figs 5.20(a) to (d) covering So, 2 0 
and 10 0 smooth, as well as 50 rough case respectively. 
In order to provide a frame work for this data, it is important to 
guess the minimum flow velocity to cause any aeration. Using section 5.3.5 as a 
clue, it was generally recognised that the minimum turbulent velocity to entrain 
air is around 
Wi 
3 = 0.3 m/s 
From section 4.3.3 we know that at the end of the ramp 
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w' 3 ~ 1.75 u* 1. 75 ~.J V8 ( 5.39) 
Therefore at the onset of aeration 
0.3 ~ 1.75 u ~ 
or 0.5 / .rr ( 5. 40) 
For smooth boundaries A ~ 0.018 and for rough A::::: 0.027, giving 
umin 3.7m/s smooth, and umin = 3 mls for rough. 
Assuming these minimum values and assuming linearity between qa and 
u we obtain a series of slopes in Figs 5 .20( a) to (d) for each geometry. These 
graphs refer to zero cavity subpressure only. Figs 5.20(a) to (d) shows very 
narrow range of variation which is due to the limitation of flow velocity u. 
Consider Fig 5.20(a) which shows that u is proportional to jet length ratio Llh . 
The values of K in Equation 5 .38 above was determined from experimental data 
and plotted against the jet length ratio Llh as shown in Fig 5.21. The result of 
Fig 5.21 is similar as Fig 5.17, with K heavily dependent on jet length, and 
varying between 0.01 and 0.032. 
5.3.8 Variation of aeration with ramp angle cJ> and aerator jet length L. 
The purpose of a ramp is to cause the aerator jet to have a higher 
trajectory, a longer jet length and hence more aeration, as qa oc jet length, from 
Equation (5.25). Little appears to be known about efficiency of various ramp 
angles in generating turbulence. 
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It was decided to test this efficiency by plotting the air uptake per 
unit jet surface area qa/L against the turbulence generated by each ramp w' 3max 
for the three ramp angles. The beauty of this method is that the ability of 
greater ramp angles in producing longer jets (and hence more air), is hidden in 
this plot in Fig 5.15 because L is included in the qa/L term. The result shows 
the air entraining efficiency irrespective of the jet length and is plotted in Fig 
5.15 for the case of .oh/h = 0.0, only. 
It is clear from the plot that small jet length produces steep slopes 
while longer Llh produces shallow slopes. Fig 5.16 shows very clearly the 
efficiency of ramp. The 2 0 smooth ramp showed the maximum efficiency during 
this study while the 50 smooth ramp showed better results than 10 0 smooth 
ramp. The roughened boundary case also showed an increase in the air uptake 
efficiency of an aerator jet. 
At this point it is useful to explore the inter- relationship between 
ramp angle ¢, and jet underpressure .oh/h, with jet length. 
It is generally recognised that the jet length is proportional to mean 
velocity and hence the non- dimensional jet length can be described by the 
Froude Number of the flow. Higher Froude Numbers produces longer jet length. 
Figs 5.12(a) to (e) shows a plot of non- dimensional jet length Llh 3 against the 
Froude Number ~ /$3 for the three different ramp angle. 
Fig 5.12(a) shows this relationship for zero underpressure .oh/h = 0.0, 
whereas Figs 5.12(b), (c) and (d) shows the inter- relationship for .oh/h = 0.1, 
0.2 and 0.3 respectively. 
It is clear from Figs 5.12(a) to (d) that higher ramp angle shows steep 
slopes while small ramp angle i.e 2 0 ramp shows the shallow slopes. This means 
that lower ramp angle are subjected to much greater variation of .oh/h which 
increases jet air uptake per unit length. 
If there is general validity in the correlation for air entrainment at 
ramps in the form qa ex uL or qa ex w'L then there is implied in this a linear 
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relationship between air flow and jet length. 
To test this assumption as simply as possible, it was decided to plot 
(}a I Wi 3max against measured jet length, for each ramp angle ¢, and for the case 
of zero under pressure (.o.b/h = 0.0). The result is shown in Fig 5.22 representing 
the three ramp angles and also the rough case. Fig 5.22 shows very clear slopes 
of each ramp angle. The 50 ramp with roughened boundary showed the steepest 
slope and following by 2 0, 5 0 and 10 0 ramp angle with smooth bed. Fig 5.22 
confirmed that the shorter the jet length the more efficient is the aerator. 
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6.1 INTRODUCTION . 
The purpose of this Chapter is to draw together turbulence data from 
Chapter 4, and air flow data from Chapter 5 to produce a final frame work for 
air entrainment at ramp aerators. 
For a decade now, debate has been on- going about the mo t 
satisfactory method of predicting aeration at ramps. Previous studies have not had 
the benefit of detailed turbulence data and have usually assumed uniform air 
entrainment along the jet length L. Previous studies have not been concerned 
with the minimum conditions to entrain air in the first place. which from this 
work appears to be of the order of w 3' := 0.3 m/s. This concept may prove 
significant for model- prototype comparison as discussed later in section (6.5) and 
(6.6). 
Despite all the advantages of this research effort, there is in- built one 
disadvantage, namely, the use of only one spillway slope (0 = 45 0) and hence 
a narrow range of velocities were used at the ramp. 
The purpose of this Chapter therefore is to partly overcome this 
disadvantage by comparing with other scale model studies and field measurements 
from prototype structures around the world. In other words, the detailed laser and 
air flow measurements in this work can be used to establish a proper frame work 
for describing air entrainment in ramp aerators, and comparison with other model 
studies and prototype tests covering the full range of expected conditions can 
confirm or otherwise, whether the framework is satisfactory or not. 
Once a frame work has been developed which reasonably represents 
most previous model and prototype data, then a computer model can be 
developed simulating the physical process with a good deal more accuracy than 
before. The computer model is discussed in Chapter 7. 
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6.2 FURTHER DEVELOPMENT OF TURBULENCE DATA 
6.2.1 Upstream of the ramp 
Details and analysis of the turbulent flow structure upstream of the 
ramp have been presented in Chapter 4 (section 4.3). Turbulence values along 
the spillway and ramp are seen to increase with velocity, depth, Reynolds 
Number, boundary roughness and to vary with ramp angle, aspect ratio of the 
flow, and with depth- up from the channel bed. 
Perhaps the key findings from turbulence measurements upstream of 
the end of the ramp can be summarised as:-
(i) At section 1, 600mm upstream of section 3, and in the straight 
spillway region, turbulence readings are similar to previous measurements of open 
channel flows. 
(ii) The ramp itself acts as a turbulence generator, as evidenced by the 
increase in turbulence values from section 1 to section 3. 
(iii) At the end of the ramp (section 3) the maximum turbulence readings 
(w 3 ')max are still related to the flow shear velocity u., hence can be used in 
any air flow predictive frame work. A sketch of the location of each 
measurement section is given in Fig 6.1. 
Consider each concept in turn it was decided to plot maximum 
turbulence value of w' at section 1, near the channel base, for each of the four 
geometries tested, (<I> = 2 0, 5 0, and 10 0 smooth, as well as 50 rough) as well 
as each gate opening tested. The result is shown in Fig 6.2 with (w' ,)max 
plotted against the shear velocity u. at section 1. 
The result is substantially linear relationship giving; 
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W' 1 (6.1) 
near the channel bed of a steep supercritical flow. The result is important 
because it reveals the close inter- relationship between turbulent and shear 
velocities. More importantly it shows a similar relationship to subcritica I open 
channel flows which have revealed (w',)max .. 1.23 u. (Nezu and Rodi) which is 
within 10% of the result in this work. This is a good result despite the fact that 
the turbulence transmitted from the pressure box upstream seems to be 
convected along with the flow. It appears to have made little difference to 
turbulence near the channel bed. The result also reveals that supercritical flows 
are not unlike subcritical flows. 
Considering the proposition that the ramp behaves like a turbulence 
generator, it was decided to plot maximum values of w 3' (at section 3, end of 
ramp, near the channel base) against the shear velocity u. at section 3. 
The procedure was carried out as before, for all four geometries and 
for each gate opening. The result is shown in Fig 6.3 revealing at the end of a 
ramp that, 
W' 3 (6.2) 
irrespective of the ramp angle <2>, the boundary roughness ks or the gate opening. 
This result is also important because it shows that the ramp generates 
extra turbulence at least nearer the channel bed, with an increase of almost 30% 
over the section 1 value . It should be noted that the value of u. in Equation 
(6.2) is that obtained at the end of the ramp and can be determined using the 
computer programme outlined in Appendix A"E'. 
More importantly, Fig 6.3 reveals that in any new relationship for 
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aeration at ramps, and where the rate of air entrainment is thought to be 
dependent on the turbulence velocity w', then Equation (6.2) above can be 
substituted for the turbulent velocity. 
Finally the relationship between (w 3 ')max at section 3, and (w'l)max 
at section 1 is given in Fig 6.4. This graph gives the approximate relationship 
w ' 3 1. 29 W' 1 (6.3) 
showing that no particular ramp angle from 2 0 to 10 0 is more efficient than any 
other at generating extra turbulence. This is interesting in view of the fact that a 
2 0 ramp would produce less streamline deviation than a 10 0 ramp. 
6.2.2 Downstream of the ramp 
Turbulence measurements in the aerator jet downstream of the ramp 
have been presented in section 4.3. Measurements were carried out at section 4 
only, a fixed distance of 300mm downstream of the end of the ramp. Varying 
the flow depth h enabled the non- dimensional distance x/h 3 downstream of the 
ramp to be varied. 
Measurements downstream of the ramp proved difficult because of air 
bubble entrainment on the upper and lower surface of the jet, sketched below. 
Proper comparison of turbulence at section 4 compared to section 3 is thus only 
possible either by comparing comparable points such as jet centre line at both 
sections, or alternatively by depth averaging turbulence values over the depth AB 
as shown below. 
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Section 3 
Section 4 
/ 
. , ' . 
The first observation comparing turbulence at section 4 and section 3 
is the decay in W'. This is shown approximately by depth averaging w' at section 
4 (W 4 ') and comparing with depth average w 3 I. This result is shown in Fig 6.5 
for all four geometries and each gate opening showing that as a rough 
a pproxima tion 
W I 
4 0.9 W I 3 for x - 300mm (6 . 4) 
This observation hides the variation in decay for each values of 
non- dimensional distance downstream x/h 3 which is varied by changing values 
of h 3' 
Values of w 4 'I u are plotted against x/h 3 in Fig 6.6, the values of 
W 4 I being the depth- average values. At x/h 3 = 0.0, the turbulence values are 
those pertaining to section 3. It is apparent form Fig 6.6 that turbulence values 
internally in the jet remain more or less constant for values of x/h 3 up to 8 
approximately and decay for x/h 3 > 8. Unfortunately the range of measurements 
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was not sufficiently large to obtain the nature of the decay beyond x/h 3 >- 12. 
It should be noted that Davies (1972) comments that the decay of 
turbulence Vi downstream of a grid shaped turbulence generator usually takes the 
form 
v' oc 1 / .rx (6.5) 
meaning that even for a jet of this nature, the relationship Wi oc 1/ rx may hold 
true of values of x/h3 greater than 8 or 10. The experimental data did not 
extend enough into this region. 
Perhaps the main clue to this turbulence decay has already been 
discussed in Chapter 5 (section 5.3.5) where the air entrainment rate is plotted as 
a function of jet length Uh. The coefficient of air entrainment rate C, is shown 
in Fig 5.17 revealing that C, =: constant for Uh upto 10, C, oc 1/) (06) for 
Uh between 10 and 30 and for Uh > 30, C, oc l/(Uh). Thus it appears that if 
air entrainment rate 'la oc Wi and air entrainment rate coefficient decays rapidly 
for Uh > 10, then it follows that this decay is due to decay in Wi. 
The decay rate along the jet centre-line is shown in Fig 6.7 revealing 
a similar decay as the depth- averaged version, and also showing that the decay 
rate is similar for each ramp angle and roughness tested. 
6.3 A frame work for the air flow measurements 
A frame work for aeration at ramps has already been developed in 
Chapter 5. 
Ignoring scale effects, and for atmospheric pressure in the cavity 
,oh/h = 0.0 and for a given non- dimensional jet length Uh, the value of 
aeration per unit width is given by 
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(6.6) 
Ignoring scale effects and underpressure effects oh/h, the value of C 1 
has been shown in Fig 5.17 to be a function of Vh. This means that Equation 
(6.6) can be rewritten as 
f 1 (L/h) (w 3' - O. 3) L (6.7) 
We may make this expression non- dimensional by dividing qa by a 
velocity times a length term. The chosen velocity term is (w 3 ' - 0.3) and the 
length term is flow depth h. This is preferable to jet length L which is unknown, 
whereas h is known. 
Thus 
fl [ ~ ] L (6.8) 
f, [ ~ 1 
We may now introduce turbulence information from Chapter 4 to 
substitute for w 3'. This is based on the approximate relationship between w 3 ' and 
the shear velocity at the ramp. 
w' 3 1.75 U*3 (6.9) 
and hence after substituting Eq 6.8 becomes, (note for convenience the subscript 
has been omitted and h used to donate the depth at the end of the ramp) 
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(6.10) 
1.7S(u* - 0.18)h 
This means that a plot of qa I (u* - 0.18)h against jet length Llh 
should reveal the nature of f 2. This is done in the first instance for the Glasgow 
data only and for zero underpressure, .6h/h = 0.0. The result is given in Fig 6 .8 
for all four geometries. It is clear from the Fig 6.8 that air entrainment rate 
remains linear for Llh up to 10 - 12. As the value of Llh increases further the 
air entrainment rate shows non- linear behaviour. 
The next step in the analysis concerns the influence of the cavity 
underpressure .6h/h. A more generalised expression for Equation (6.10) which 
relates only to the case .6h/h = 0.0, might be expressed in the form 
1.7 
(u* - 0.18)h 
L 
h 
(6.11) 
The experimental data from this research is plotted in Fig 6.9 for the 
full range of .6h/h values again in the form of qa I (u. - 0.18)h against Llh for 
each increment of .6h/h. Fig 6.9 shows the clear bands of .6h/h from 0.1 to 0.4. 
which is linear up to Uh ::: 10 and then again follows non-linear behaviour. 
6.4 Comparison with other scale model studies 
In this section it is intended to re- analyse scale model studies by 
other authors in the light of the air flow frame work above . The reason for 
carrying out this exercise is obvious especially in view of the fact that the 
spillway slope 0, and the mean velocities in this work covered only a small 
range, and hence need comparison with other model studies at other slopes. 
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velocities. Reynolds Numbers. etc. 
Although none of the previous model studies measured the turbulence 
structure at ramp aerators, many model studies have measured the aeration rate 
for a range of other parameters. In order to compare with the frame work 
outlined in section 6.3., the model studies require to have measured air 
flow,(Oa). water flow Ow' mean velocity u. flow depth h. aerator jet length L 
and the cavity sub- pressure .o.h. to allow a comparison. One benefit of model 
studies is the ability to measure jet length L with reasonable accuracy. which is 
often not possible with prototype structures. 
It was decided therefore to compare with different set of model 
studies. namely Foz- do- Areia model studies. Clyde dam model studies and 
Wallingford model studies. Brief details of the range of each set of model studies 
is given below. Data sets were chosen because each contained a full set of 
accurate data, as well as representing the major centre for research in this 
area:-
(i) Foz - do - Areia model studies 
Model studies for the aerated chute spillway of 160m high 
Foz- do- Areia dam was carried out at University of Parana. Brazil. Model scales 
ranging from 1 :50 to 1:8 of one of the Foz- do- Areia aeration groove were 
tested in a glass walled flume. The data of the 1 :30 general model is used in 
this research for comparison. The bed slope 8 = 14.5 0 and ramp angle ell = 
7.1250. Typical model velocities were in the range of 3.6 mls to 6 m/s. 
(ii) Wallingford (UK) model studies 
General Laboratory experiments were carried out at 1 :10 and 1 :20 
scale to investigate the amount of air entrained by water flowing over ramp 
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aerator at River Engineering Department of Hydraulics Research. Wallingford. The 
flume was 4 m long and varyied in width up to 0.3 m. The flume can be set at 
an angle between horizontal and 45 0 • Typical bed slope 8 used for comparison 
was 150 and 45 0. Typical flow velocities were in the range of 6 mls to 15 m/s. 
(iii) Clyde model studies 
Model studies for the aerator chute spillway of Clyde Dam was carried 
out at the University of Canterbury. Christchurch. New Zealand. Model scale of 
1 :15 was selected for the spillway chute. Typical velocites were in the range of 
5m/s to 11 m/s. The bed slope 8 = 51.34 0 and channel width of 0.25m was 
used for Clyde dam model study. 
The data from the all model studies above are plotted in Fig 6.10 and 
sub- divided into bands of Ah/h. Fig 6.10 shows that the above frame work shows 
a reasonable correlation with other model studies carried out in this area. 
6.5 Analysis and comparison with Prototype aerator measurements 
As a rule. the field of hydraulic research is characterised by a lack of 
field or prototype measurements. One exception to this rule is the field of 
ramplslot aerators which have a reasonable number of spillways. which have been 
monitored in the prototype case usually for at least the air flow rate in the air 
ducts Q
a
• the water discharge rate along the spillway Ow. the gate opening or 
overflow depth at the top of the spillway and the sub atmospheric pressure under 
the jet Ah. In some cases the depth of flow at the ramp h is also measured. For 
cases where h has not been measured it can be determined from gradually varied 
flow analysis along the spillway or alternatively extrapolated from model studies of 
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the prototype structure at the corresponding water discharge rate . The most 
suspect of the prototype measurements is usually the air flow which often 
measured within the air ducts often using air flow velocity meters which measure 
a few air flow point velocities which then require to be integrated over the full 
duct area to obtain the total air flow rate. This process is often ca rried out in a 
field of very high air velocities in the duct Va > (100m/s - 200m/s) and th 
results require adjustment for temperature and pressure. The value of je t length L 
is also suspect as it is difficult to measure in a prototype but may be sca led up 
from model tests or computed from jet trajectory theory. A list of prototype 
structures and some of their characteristics has been given in Table 6.1 to 6.5. 
In this sectionJ aerators of prototype structures will be analysed . T hese 
were chosen because access was available to the prototype data eithe r through 
personal contacts or from literature . The friction factor for prototype structure is 
calculated by using Colebrook White equation for wide open channel flow . 
1 
- 2.0 Log lO [ + 
1. 51 ... ] 
R.J (32gRSin O) 
( 6 . 12) 
12.3 R 
where; 
A = Friction factor 
... = kinematic viscosity of water 
R = Hydraulic radius 
ks = Equivalent sand grain roughness size 
g = gravitational constant = 9.81 
0 = bed slope 
Brief details of each prototype structure are given below. 
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(i) Foz - do - Areia 
Foz- do- Areia Dam is a 160m high concrete face rockfill dam with 
an embankment volume of about 14 million cubic meter. Its chute spillway is a 
400m long and 70.6m wide. Three aeration steps are provided along the chute to 
prevent cavitation. The bed slope of the chute spillway is 14.5°. The jet length 
L was measured in field and published by Pinto(1982). The details of aerator is 
given in Table 6.1 below and shown in Fig 1.10. 
TABLE 6.1 
Foz-do-Areia <I> hr hos Air duct op/pgh u h3 
(m) (m) Type (m/s) (m) 
Aerator I 7.12° 0.2 0.5 Bell 0.1 19 0.38 
mouth to to to 
0.3 30 1. 64 
Aerator II 7.12° 0.15 0.5 Bell 0.1 19 0.39 
mouth to to to 
0.3 32 1.48 
Aerator I II 7.12° 0.1 0.5 Be 11 0.1 19 0.39 
mouth to to to 
0.3 36 1. 33 
(ii) McPhee Dam (USA) 
McPhee Dam is the main storage regulation reservoir in the Dolores 
Project in South West Colorado. The dam is an earthfill structure 82.3 m high 
and 396m wide crest. The chute spillway is 18.3m wide, 303m long and drops 
90m in elevation. The bed slope of the spillway is 16.6 0. The jet length was 
calculated by Glasgow computer model. The details of aerator is given in Table 
6.2 and shown in Fig 1.9. 
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TABLE 6.2 
McPhee Dam <P hr hos Air duct .o.p/pgh u h3 
Spillway (m) (m) Type (m/s) (m) 
Aerator I 6.4 0 0.914 0.0 Be II 0.04 15.3 0.10 
mouth to to to 
0.05 22.77 0.35 
(iii) Tarbel Dam (Pakistan) 
Tarbela dam was constructed on Upper Indus river of Pakistan In the 
period of 1965 - 1975. The dam is earth and rockfill structure 143m high and 
2.74 kIn long. There are two tunnels and S outlet structures are for overflow and 
irrigation purpose. The outlet structures of Tunnel 3 and 4 are provided with 
aeration grooves. The bed slope of the outlet structures is horizontal. The jet 
length is calculated by Glasgow computer model. The details of the aerator is 
given in Table 6.3 and shown in Fig 1.7 and Fig 1.8. 
TABLE 6.3 
-
Tarbela Dam <P hr hos Air duct .o.p/pgh u h3 
Spi llway (m) (m) Type (m/s) (m) 
Aerator I 7.120 0.14 0.0 Bell 0.02 28.0 2.44 
mouth to to to 
0.08 47.0 7.35 
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(iv) Colbun Dam 
Col bun dam has an open channel spillway of width varying from SOm 
to 71.1m. Two aeration grooves are provided in the design of spillway for the 
prevention of cavitation damage. The bed slope of the chute spillway is 270. The 
jet length L is also calculated by Glasgow computer model. 
TABLE 6.4 
Colbun Dam ct> hr hos Air duct .6p/pgh u h3 
Spi llway (m) (m) Type (m/s) (m) 
Aerator I 1l.3° 0.39 0.25 Rectangu- 0.1 15 0.3 
lar shape to to to 
0.4 25 2.2 
Aerator II 11. 3° 0.39 0.25 Rectangu- 0.075 20 0.27 
lar shape to to to 
0.3 30 0.83 
(v) Emborcacao Dam 
Emborcacao dam has a chute spillway of total width of S8.Sm being 
split into two by a central wall. The chute spillway has a bed slope of 10.20. 
The jet length L was also calculated by Glasgow computer model. Detail of both 
aerators are given in Table 6.5 and shown in Fig 1.11. 
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TABLE 6.5 
Emborcacao ¢ hr hos Air duct Ap/pgh u h3 
Spillway (m) (m) Type (m/s) (m) 
Aerator I 7.12° 0.30 0.20 Be 11 0.02 17 0.44 
mouth to to to 
0.22 30 l. 66 
Aerator II 7.12° 0.30 0.20 Be II 0.02 17 0.44 
mouth to to to 
0.25 33 1.48 
It is important at this stage to compare the prototype data with the 
frame work developed in Chapter 6 for the result of this work. This frame work 
uses the shear velocity u. rather than the mean velocity u , and incorporates the 
minimum conditions to entrain air w' = 0.3 mls or u. = 0.18 m/s. 
The result of the new frame work applied to prototype data is given 
in Figs 6.11 to 6.14, where qa I (u. - 0.18)h is plotted against Uh and for 
each band of Ahlh values (i.e Ah/h = 0.0, 0.0- 0.2, 0.2- 0.4 and 0.4 & above). 
Again ~ I (u. - 0.18)h 3 is plotted in Fig 6.15 against Uh for all values of 
Ah/h together with Glasgow model data. Figs 6.11 to 6.14 show in a clear way 
(i) Good correlation between model and prototype data. 
(ii) Confirm the validity of the chosen frame work for air entrainment. 
(iii) Show the effect of Uh and underpressure Ah/h. 
Having done this we may now proceed to our final correlation of air 
entrainment at aerators. 
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6.6 FINAL CORRELATION FOR AERATION AT RAMPS 
A frame work for aeration uptake at a ramp aerator was proposed in section 
6.3 and proved a reasonable correlation for the results of this work . Results of 
other model studies from around the world were investigated in section (6.4) and 
finally, comparison with prototype field data was carried out in section (6.5) . The 
frame work for aeration is different from any previously proposed for the 
following reasons. 
(i) It incorporates with the non- linear effect of jet length Uh . 
(ii) It is based on knowledge of turbulence generation and decay. 
(iii) It incorporates a scale effect term which appears to give reasonable 
correlation between model and prototype. 
(iv) It also contains the influence of cavity underpressure .oh/h . 
The starting position is Equation (5.35) 
C, (w'3 - 0.3) L 
where C, is a function of Uh as shown in Fig 5.17 
Substituting for turbulent velocity 
W' 3 = 1.75 u* 
we obtain 
1 . 75 C, (u* - O. 18) L 
(6 . 13) 
(6.14) 
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(6.1 5) 
This relationship is valid for .o.h/h = 0.0, only. 
The value of C 2 for model and prototype data are shown in Fig 
(6.16) and show that when Uh < 10, then C 2 is constant around 1.8. For Llh 
values > 10, the value of C 2 is given approximately by the curve 
C = 9 (Uh)- 0.7 as shown in Fig (6.16) and Table 6.6 below. 
2 
At this stage the picture can be completed by incorporating the eff ct 
of cavity underpressure by a new parameter, namely C 3 where, 
( 6. 16) 
where C 3 f (.o.h/h) and can be determined from 
(6.17) 
A plot of C 3 against .o.h/h is shown in Fig 6.17 for all Glasgow model 
studies and is shown in Fig 6.18 for all the known prototype data . 
These are combined in one graph in Fig 6.19 showing that C 3 can be 
given approximately by, 
e 
1 • 575 
- 4.81 (.o.h/h) (6.18) 
This was determined by regression analysis, in which linear correlation 
coefficient r = 0.9. 
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TABLE 6.6 
L/h values f 1 (L/h) C2 f 2 (.o.h/h) C3 
1 . 5 '5 
0 10 1.8 - 4.81 (.o.h/h) ~ e 
1 . 5' 5 
- O. 7 
- 4.81 (.o.h/h) 
11 ~ 00 9 (L/h) e 
Equation (6.16) is the final correlation of this thesis. It is valid for 
any value of jet length ratio (Uh) and any value of underpressure .o.h/h for both 
model and prototype structures, for any scale of model and prototype. 
Proof of this is given in Fig 6.20 for all known prototype data world 
wide, showing an extremely good correlation between measured and computed air 
flows. 
This correlation means that the air uptake computed from 
CIa = C 2 C 3 (u* - 0.18) L is accurate to :t 10% and is suitable for use in 
computer programs such as that in Chapter 7. This equation is now being 
considered for inclusion in the computer programs of air slots at ETH Zurich, 
Switzerland. 
6.7 A new approach to aeration scale effects. 
An attampt is made in this section to produce a new method for 
quantifying the likely scale effects for air entrainment in ramp aerators and 
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chutes, . The idea is based on the ability to predict the turbulent energy or 
velocity spectrum for a prototype flow situation and for model situations at 
various scales. Procedures for estimationg more accurate turbulent spectrum are 
outlined in Hinze (1949) and Davies (1972) but the method used below i very 
rough approximation sufficient to give a first order approximation into likely sca le 
effects. 
A turbulent energy spectrum is schematised below showing the 
distribution of turbulent energy over a range of eddy lengths ranging from the 
full depth of the flow h to the Kolmogoroff micro scale, denoted by ~ k ' 
' >. 
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model 
O.2L_L-~~~~~~ 
0. 0 
llh 
Inverse Eddy length 
In the sketch above 
h = flow depth and maximum eddy size 
Q = Prandtl eddy length in 1 = pQ 2(du/dy) 2 
.ee = eddy length containing the maximum energy 
.ed = eddy length giving the maximum energy dissipation 
.ek = Kolmogoroff micro scale eddy length 
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Superimposed on the spectrum above is the range of eddy lengths 
where the air entrainment process occurs. This is given in the range 1 mm to 
lOmm, simply because most entrained bubbles lie within that range . 
Superimposed also is a horizontal line showing the minimum turbulent 
energy required to entrain an air bubble across the jet free surface in an aerator. 
This is equivalent to the minimum turbulent velocity (w' = O.3m/s) required to 
entrain air. 
Thus, the shaded area represents the turbulent energy available to 
entrain air bubbles into the flow across the jet free surface. In prototype thi 
area is large and in models it may be small or zero . If this shaded area can be 
computed for each model scale then on idea of the scale effect is obtained . 
The method presented below is a crude version of that sketched above 
and is based on turbulent velocities (rather than turbulent energy) as well as 
being based on only three points in the spectrum namely .ee ' .ek and .ed with 
their corresponding turbulent velocities v ' e 
(i) Maximum energy containing eddies 
According to Hinze (1949) and using an approximation of isotropic 
turbulence, the turbulent power per unit mass of fluid along a flow near the base 
is given by 
Power / Unit mass (6.19) 
Also Power = velocity x force 
Analysis of Model & Prototype data 398 
and hence considering a spillway flow of unit width and length dx 
Power U TO X 1 x dx (6 . 20) 
or power per unit mass when the flow depth is h becames, 
Power I Unit mass U Tol (ph) (6.21) 
and from D'arcy Wesibach TO = P u 2 >'/8, then 
Power I Unit mass (u) 3 (>'/8h) (6 . 22) 
This gives an estimate of the energy containing eddy length to be 
8h [ v ' r e ,ee (6. 23) A u 
where A is the D 'arcy - Weishbach friction factor for the flow. 
According to Davies (1972), the RMS turbulent velocities can be 
substituted for ve ' • showing as an approximation that the eddy length containing 
maximum energy at the end of the ramp in this work can be given by 
where the actual value of 
approximated to 1.75 u* . 
8h 
w' 3 
[ __ :_3_'_ (6.24 ) 
has been measured (Chapter 4) and can be 
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(ii) Kolmogoroff micro scale 
The next point on the spectrum may be found by applying the 
standard definition of the Kolmogoroff micro scale namely, 
1 (6.2 5) 
where " is the kinematic eddy viscosity of the fluid . Davies (1972) combines thi 
with the equal power per unit mass concept 
( vk' ) 3 / Qk ( 6.26) 
combining both equations 
V e ' [ I' / vk' Q e ] 1 /3 (6.27) 
or from Equation (6 .22), 
u [-:-J .j. [-:-e (6. 28) 
where Re is defined as u h I I' • 
Equation (6.28) gives an estimate for vk' and the corresponding eddy 
length can be obtained from Equation (6.24). 
In this research work as an example u = 7m/s. }.. = 0.018. I ' = 1.1 
x 10- 6 and h = 50mm. then vk'/ u ::::: 0.009. In other words the turbulent 
intensity at the micro scale is around 10% of the turbulent intensity RMS 
measured, w'/u ::::: 0.08 ~ 0.1. 
Further more, this means that the turbulent energy per unit mass, 
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which is proportional to the turbulent velocity squared, E ex (v') 2, is only one 
hundredth of the RMS value, at the micro scale . 
(iii) Eddy length for maximum energy dissipation 
This represent the third point on the turbulent velocity spectrum and 
has been approximated by Davies (1972) to 
(6 .29) 
and 
1.7 vk' (6.30) 
for the ideal case of isotropic turbulence. 
(iv) Application to experimental results and hypothetical example 
At this point it is possible to apply these ideas to a hypothetical 
prototype structure and various scale modeb of that structure . 
The starting point is to assume that typical experimental data in this 
work represents a Froude model to scale 1 :20 for example. This value is chosen 
because a typical velocity in this work is 7m/s and a typical depth of flow 50mm . 
Scaling up by Froude scaling to a prototype gives a prototype velocity of 
7 .r2() = 31.3 mls and depth 0.05 (20) = 1 m, which is almost identical to 
some of prototype range of various structures discussed in section 6.5 . 
Thus, it is possible to used Equation (6.23). (6.25), (6.28), (6.29) and 
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(6.30) to obtain the turbulent velocity and eddy length for each of the th ree 
points along the spectrum. This will be done for a prototype , 1:10 , 1 :20 and 
1 :50 scale models. 
The result is tabulated below for the case V ' -e - Wi 3 = 1 .754 and 
friction factor f.. = 0.018 throughout. The hypothetical spectra are plotted for a ll 
four cases in Fig 6.21 where it appears that smaller scale models will entrain less 
air, or possibly no air entrainment if turbulence level fall below a certa in valu 
in the required range of eddy length. 
Yp ' 1j.ee Yd ' 1j .e d Yk ' 1j.e k 
Prototype 2.6 3 . 94 0 . 158 16960 0 . 0 93 84800 
1:10 model 0.82 39.4 0.12 12727 0.07 63636 
1:20 model 0.58 78.8 0 . 109 11636 0.064 58181 
1:50 model 0.37 197 0.097 10360 0 . 0 57 51800 
From Fig 6.21 it is proposed that the amount of air e ntrained is a 
function of the area above Wi = 0.3m/s, and below the curve and bounded by .e 
= 1mm to 10mm or 1/.e = 10 2 to 10 3 . As an approximation we may assume 
that because the width is constant (10 2 to 10 3) then the turbulence energy 
available is proportional to the distance from the curve to Wi = 0.3m/s . i.e . the 
distance (Wi - 0.3) . The value of Wi however relates not to w 3 I (the RMS 
value), but rather the value of Wi in the eddy length range 1 mm to 1 Omm . 
As a characteristic value of this range of eddy lengths it is proposed 
to use the air/water surface tension capillary length j ol pg which is 2.7mm 
(0.0027m) and deemed by Sene (1984) to be the median air bubble diameter . 
Applying to the power law relationship 
(6 . 31) 
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Where .ea is the air bubble eddy length (2 .7mm) and va I the 
corresponding turbulent velocity at that eddy length. We may obtain the 
corresponding values of wa I and use these as the real turbulent velocity in the a ir 
bubble eddy length range, rather than the ve ' = w 3 ' value which relates to the 
maximum energy region in the spectrum. 
The scale effect at 2.7mm eddy length may now be determined in the 
form (wa' - 0 .3)1 u. This is derived from the frame work for air flow, namely 
qa 
f 2 [ 
L ]r, [ :hj ( 6.32 ) 
(w 3 I - 0.3)h ' h 
giving 
qa qa [ (w,' - 0 . 3) 
1 [~l [~l --- - {3 f2 f 3 (6. 33 ) qw u h u 
Showing that the scale effect term is (w 3' - 0.3) 1 u. (This is based 
on the assumption that 0.3m/s applies at all eddy length) . 
The scale effect for air entrainment for all four scales is plotted in 
Fig 6.22(a) for the cases of one eddy length 2.7mm the median bubble diameter. 
This predicts zero change in scale effect for air entrainment for velocities above 10m/s in 
this hypothetical scenario. The corresponds to a Reynolds Number (u h) 1" > 10 6 
in this particular case. 
Alternatively, if we use the RMS turbulent velocity ve' (= w ') then 
3 ' 
the scale effect graph is as shown in Fig 6.22(b), revealing that some sca le 
effects for air entrainment exist even at mean flow velocities of the order of 
10m/s. 
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7.1 INTRODUCTION. 
It will have been noted already that the main emphasis of Chapter 4, 5 
and 6 has been the reporting of experimental results of turbulence and air 
entrainment together with analyses, to provide a frame work of understanding for 
aerators. 
Following these Chapters, estimates of turbulence and air entrainment 
rate 'la, can now be made for any aerator geometry, whether at model or 
prototype scale. Thus a computer model can now be developed to analyse flow 
estimates of the aerator jet length L, the jet spread due to turbulence, the air 
entrainment rate, and the cavity underpressure .o.h or (.o.p). 
It should be noted that this research work in fact commenced with a 
computer model of flow along a spillway and aerator ramp. However, there were 
various gaps in understanding of the flow behaviour over the ramp, which turned 
this research towards more experimental rather than computer modelling. 
The computer model was developed in the first year of study in 
1987- 88 based loosely on an earlier model by Falvey (1988) and was further 
modified following the useful conclusions from Chapter 4, Chapter Sand 
Chapter 6. 
The computer programming was done in Fortran 77 langauge on 
mainframe computer. The main computer program consists of five stages as 
sketched below. 
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forc.. ..r.Uon 
(J 
(1) Flow behaviour upstream of aerator. 
(gradually varied flow and boundary layer development) 
(2) Jet trajectory over the ramp aerator.(including jet spreading) 
(3) Air Supply system 
(4) Air demand with influence of pressure under the jet. 
(5) Air distribution & concentration downstream of aerator 
It should be noted the the one key area of aerator research was not 
attempted because of the time constraint. That was Stage (5) concerned with the 
air distribution and concentration downstream of the aerator which should b 
tackled in future research. 
After giving a brief description of stages (1) to (4) above in the 
computer program. a comparison · will be carried out for prototype studies of a ir 
entrainment rate and jet length estimation . Computed results will be compared with 
field measurements for five major dams around the world. 
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7.2 Computer program for air slot ramp 
The main computer program is written in Fortran 77 language with 
details of main program and its subroutines given in Appendix A. A brief 
description of each stage is given below. 
7.2.1 Flow behaviour upstream of aerator 
(a) Water surface profile 
The water surface profile upstream of the spillway ramp was computed 
using the standard step method as described below. 
The principle of conservation of energy states that the total energy in 
the flow remains constant at each section. 
~ 'f . . I N I Ho,,,onlal lin. porallel 10 datum 
'r-r~~_- £ .. -, ------ r X 
-, -"-J' "0. I <l 
> -- -:.. 'i!!- . s '. 
-"'-L _ J '-
tl - VJ 
<t> 
III 
o 
() 
-
..:::: 
<t> 
c: 
III 
x 
<l 
section 1 section 2 
Consider sections (1) and (2) at a distance 6X apart. The principle of 
conservation of energy states, that Energy at section(l) = Energy at section(2) + 
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Losses between section(l) & (2). 
Energy at section (1): 
425 
Energy at section 1 - h, . cosO + Q,v,/2g + oX sinO (7 . 1) 
Energy at section (2) plus the energy losses between the two sections is given by : 
Energy at section 2 (7 . 2) 
where Sf oX represents the energy losses between section 1 and 2 with all the 
energy loss assumed to be due to bed friction. oX is the distance along the slope . 
In principle, if h, and v 1 are known, then the total energy at section 
is computed, which is then used to find the values of h 2 and v 2 from Equation 
(7.2). In order to solve Equation (7.2) iteratively, an expression for the friction 
head loss Sf oX, must be found. This is done in subroutine called "ROGOUS" 
which computes the D'arcy Weisbach friction factor by using Colebrook White 
equation in the form 
1 [ ks 2.51 ] - 2.0 Log,o + (7.3) 
j >- 14.81 R Re j >-
By using ks values from tables given in various hydraulic text books, the computer 
can find out the value of friction factor >- to an accuracy of :t 1%. Once the 
friction factor is determined it can be used to find out the Manning's 'n' from the 
linking equation:-
R '/6 
n (7.4) 
The Manning's n can be further used for determining the friction slope Sf for 
each section, 
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n, 2 V, 2 
Sf, 
R4/3 , 
(7. 5 ) 
and 
n 2 
2 V 2 
2 
S f2 
R 4/3 
2 
(7.6) 
where R = hydraulic radius 
The average friction slope is approximated to 
(7 .7) 
The computer calculates the Sf, and Sf 2 for each trial depth 'h 2 ' , and 
computes the energy at section 2 to compare with the energy at section 1. 
Equation (7.1) . Once the energy at section 2 becomes equal to energy at cc tion 
1, the iterative process stops taking more trials and moves to the next section (3). 
This procedure is continues until the program reaches normal depth, or the ramp 
section, or at any other section as stated by the user. 
The normal depth of the flow is determined by applying the Newt n 
Raphson iterative technique to Manning's Equation with the bed slope given by 
sin8. 
The standard step method can be used, starting off at a known depth 
such as critical depth at the upstream end of a spillway, or from a known ga te 
opening at the upstream end of the spillway. 
The accuracy of the method is enhanced by choosing very small distance 
increments (.ox) along the spillway. Also the method is not applicable at control 
sections, and care is taken so that the computational procedure does not go 
through a control section. but in fact commences a short distance downstream of 
the critical depth point. 
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(b) Boundary layer development 
Stage 1 of the computer program also computes the boundary la yer 
development along the spillway flow. 
When water enters an open channel. the velocity distribution over the 
channel section (owing to the presence of bottom boundary roughness). will vary 
with the distance over which the water travels in the channel as shown in Fig 7 .1 
Chow. V. T (1959) defined the effect of the boundary la yer on the fl ow 
as equivalent to a fictitious upward displacement of the channel bottom to a virtual 
position by an amount equal to the so- called displacement thickness 6* a shown 
in Fig 7 .2 
The boundary layer thickness is denoted by 6 as shown in Fig 7.2. For 
the development of turbulent boundary layer in a wide open channel. an 
approximate but practical method of computation of 6 has been proposed by Bauer 
(1954) for rough boundaries. 
x 
0.024 
[x/ks 10 • 13 
(7 . 8) 
where 6 is the thickness of boundary layer. x is the distance along the channel 
slope and ks the roughness size of the spillway surface. Equation (7.9) shows that 
the fully developed turbulent condition of the flow as a function of relative 
roughness. An estimate of boundary layer thickness 6 on a smooth boundary can 
be given as 
0.38 
(7.9) 
x [ Rx ] 0 • 2 
where Rx is a distance Reynolds number (v.x/u) based on distance rather than depth. 
From the Eq (7.8) & Eq (7.9) it can be shown that the development of the 
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boundary layer in a fully developed turbulent flow condition is a function of. 
i) the state of flow expressed by a distance Reynolds number. 
ii) the relative roughness of the flow. 
Toso (1986) showed that the effect of Reynolds number in a highl y 
turbulent flow is much smaller, than the effect of relative roughne of th 
channel. His equation for boundary layer thickness is; 
0.233 x 
(7. 10) 
x/ks ]0.25 
where 'x' is the distance along the slope. 
The computer program has a flexible option to use either Equation (7.9) or 
Equation (7.10) for the calculation of boundary layer growth, with Equation (7 .9) 
preferred for smooth models with ks values = 0.0. 
A typical graph of computed water surface profile and boundary layer thicknes 
using Toso's equation is shown in Fig 7.3 
7.2.2 Jet trajectory over the ramp aerator . 
Stage 2 of the computer program is to determine the trajectory of the 
jet after it leaves the ramp, including jet spreading due to turbulence. 
Once the water surface profile is calculated in stage I, one can find out 
the depth of flow at the end of the ramp h 3' The ramp angle cl> the depth of 
flow at the end of ramp h3 the spillway angle 0, and the velocity at the ramp 
U are the main parameters for calculating the jet trajectory . 3' 
As far as channel of steep slope is concerned, the exact line of th 
upper and lower jet surface trajectory would become a rather complicated task. To 
accomplish this, the spread of the jet is assumed to match its vertical turbulent 
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intensity w
'
/ u, this representing the line of the edge of the jet relative to the 
orignal line of the ramp, as sketched below. 
From Chapter 6 it can be concluded that the vertical turbulent velocity 
at the end of the ramp is a function of bed shear velocity 
w' 3 (7 . 11) 
Instead of using the vertical turbulent velocity the program is modified 
to use the bed shear velocity which can be calculated by using Colebrook-White 
equation, combined with the relation, u* = u J ()../8). 
The jet spread angle 8, to be the same as turbulent intensity, Fa lvey 
(1991). Hence, the spread angle in the sketch above is , 
(7.12) 
tan- 1 [ 1.75 J ()"/8») ( 7.13) 
The angle 8 1 is now added to the net ramp angle for the lower nappe and 
substracted at the upper nappe for the trajectory calculation . 
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(Theata) ramp ( () - ell ) + (), for Lower nappe (7 . 14) 
(Theata)ramp ( 8 - ct> ) - 8 1 for upper nappe (7.1 5 ) 
where 8 = bed slope 
ct> = ramp angle 
and 8, jet spread angle 
The mean flow velocity is further sub- divided in to Ux and Uy in X 
and Y direction as shown below 
x 
The coordintes of the jet trajectory are calculated by using Newton's 
laws of motion and basic projectile theory as in the equations below. 
(7.16) 
.oy uy.ot + i g .ot 2 (7.17) 
where AX and 6 Yare the change in coordinates of the jet trajectory in X and Y 
direction . In the computer program the time duration At is made extremely small 
and assumed constant in order to estimate the smallest distance AX, independent of 
Development of Computer program 431 
the variation of velocity for each increment AX. This is sketched below, 
A typical value of At = 0.0065 seconds is used in the Equation (7 .1 ) 
and Equation (7 .17). 
In order to establish the boundary conditions the elevation of the ramp 
and its lateral distance from the start is used to calculate the coordinates of the 
first point in the trajectory as shown below, 
Origin 
(0,0) 
h P ( ) are the first coordinates of the J. et traJ· ectory as shown above , were 1 x"y, 
x, Origin + (hs + hr ) sinO (7.18) 
y, Origin + (hs + hr ) cosO (7.19) 
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where hs and hr are the offset and ramp heights. 
To find out the end boundary limit where the jet reattaches with the 
spillway surface, the following straight line and trajectory equation is compared as 
sketched below. 
C = (hr + hJ 
(y - .oY) -
........ 1 
+ 
Y-mX+C 
where m is the slope of the spillway bed and C = (hr + hJ, where hr is the 
height of ramp and hs is the height of the offet. Equating the above shown two 
equations gives a quadratic equation as 
0.0 (7.20) 
where K 1 = 1 g I Ux 2 anf K 2 = UylUx· Fig 7.4 shows the trajectory under 
atmospheric condition with no jet spread. 
The computer program has the facility to predict the jet trajectory for 
any value of under pressure .oh/h > O. The estimation of .oh (head loss in air 
duct) is described in detail in following section 7.2.3. The computer progra m uses 
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the following equation for simulating the effect of Ah on the jet trajec to ry as 
sketched below, 
The final equations for jet trajectory can be written as:-
AX Ux.ot -.oh sinO (7 .21) 
.oY Uy At + ~ ~At2 + Ah cosO (7 . 22) 
where AX and A Yare the coordinates of the jet trajectory at any point. Once the 
exact length of the jet trajectory is estimated it is further translated into jet 1 ngth 
along the spillway as 
j - n 
(AX) / cosO (7.23) L 
i -o 
This length 'L' is used for calculating air demand for the jet. A typica l 
example of a jet trajectory is shown in Fig 7.5 with allowance for unde rpressur 
.oh, and jet spread, included . 
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7.2.3 Air supply system 
The third stage of the computer program is to determine the head 10 tn the 
air duct system and to compute the Ah/h value for cavity under pressure . 
The purpose of the air supply system is to supply e nough a ir to the 
underside of the jet without causing much head loss in the duct system. T he be t 
air supply system is one which has minimum losses th rough the system (Inlet t 
Exit) as sketched below. 
OJ P , v, Entrance ~ ... ,,-
t 1 I 
z , 
Water jet 
--_ . . '- -
V 2 bend . 
It should be noted that the final air flow occuring in an aerator depends on the 
balance between the air pumping capacity of the jet and the a ir supply 
characteristics as sketched below. 
-----=~==----------~-------.~ ~ 
......... 
" . 
point l' 
air slot 
Characteristic of the 
air suppl y 
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The air supply head loss .o.h can be estimated from the Bernoulli's 
Equation between inlet and exit of the system as described in detail in Chapter 2 
in section 2.6.2 . The computer program needs the proper dimensions of a given 
aerator air supply system. The head loss in terms pressure in the air duct can be 
written as 
where 
6p = 
Pa = 
g = 
va = 
Ad = 
kl = 
k2 = 
k3 = 
k4 = 
.op 1 
--= 
2g 
absolute difference of pressures w.r. t atmospheric pressure 
density of air 
gravitational constant (g = 9.81 mls 2) 
velocity of air in the air supply duct (Oal Act) 
cross sectional area of the duct 
head loss at entrance. 
head loss due to friction. 
head loss due to 90° bend. 
head loss at outlet,due to enlargement. 
Pa 
V 2 a 
2 
[ [ 1 + Ks 1 ] 
V 2 [ ] a 6p Pa Kd 
2 
where Kd is the sum of the head loss coefficient. 
The head loss in terms of meter head loss of water is given by , 
Pa v 2 [ ] a .oh Kd 
Pw 2g 
Typical values of Kd are 0.5 to 2 .0. 
Typical values of .oh for prototype is given in Table 7.1 to 7.5 
(7 .24) 
(7.25) 
( 7 . 26) 
(7 .27 ) 
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7.2.4 Air demand with influence of pressure under the iet. 
In stage 4 the computer program calculates the actual amount of air 
entrained into the jet. From Chapter 6, we concluded that the air entrainment is 
directly effected by two main parameters namely, jet length ratio (Uh) and jet 
under pressure (6h/h). Equation (6.31) gives good estimate for the prediction of air 
flow under the jet. The computer program is modified to use the following 
equation for the prediction of air entrainment at an aerator jet. 
(7.28) 
where C 2 and C 3 are the functions of Uh and 6h/h respectively as shown in Fig 
6.16 and Fig 6.19 and Equation (6.18). The computer program is furnished by two 
small subroutines to calculate C 2 and C 3 for any values of Uh and 6h/h as 
detailed in Appendix A. Fig 7.5 shows the actual situation of the jet with 
underpressure 6h/h > 0 and spread of jet. 
7.3 Comparison of computer model predictions with prototyPe studies. 
After modification and finalising the computer program, stage 1 to 4, it 
was decided to apply the computer model to five key prototype structures world 
WI·de where enough data was available to allow sensible computations. , 
Most field measurement data sets had considerable information on mean 
velocity u, discharge Ow' flow depth h3' air vent geometry, air flow rate, etc. but 
practically no information on cavity under pressure 6h and jet length L. One 
exception to the rule was Foz- do- Areia in Brazil which had full range of data 
for all three of its aerators I, II and III. Most other field data did not include 
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prototype jet length measurements. 
What follows below is a comparison of the computed values based on 
the research of this thesis, and field measurements at Foz- do- Areia, McPhee, 
Tarbela, Colbun and Emborcacao Dams. 
7.3.1 Foz - do - Areia 
The most comprehensive set of measurements made on prototype 
structures aerator were of Foz- do- Areia reported by Pinto et al (1982). The 
measurements were of the air flow through the side vents and pressure variation 
under the nappe. These measurements, including the authors computer predictions 
for jet length and air flow rate below for all three aerators. 
Table 7.1 
Aerator I 
qw h3 Vw ..:l.h/h L qa L qa (3 (m) (m2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) data comouted Pub: 
7.58 0.38 19.94 0.08 8.2 5.59 9.07 5.36 0.74 
9.77 0.46 21. 25 0.11 9.5 6.42 9.52 6.19 0.66 
12.04 0.52 23.15 0.14 10.1 7.29 10.32 7.07 0.61 
14.16 0.59 24.01 0.16 11.1 7.85 11.07 7.73 0.55 
20.82 0.81 25.71 0.22 12.6 9.43 12.65 8.84 0.45 
29.60 1.08 27.41 0.25 12.8 10.37 13.26 10.35 0.35 
46.74 1. 64 28.5 0.23 14.0 10.34 13.64 13.23 0.22 
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Aerator II 
qw h3 Vw Ah/h L qa L qa (3 (m) (m2/s) (m) (m 2/s) 
(m 2/s) (m) (m/s) comp (field) data computed Pub: 
7.58 0.39 19.43 0.08 7.8 5.65 9.05 5.26 0.75 
9.77 0.45 21.73 0.11 9.0 6.87 9.70 6.33 0.70 
12.04 0.52 23.15 0.14 9.9 7.78 10.32 7.07 0.65 
14.16 0.57 24.85 0.17 10.5 8.68 11.84 7.82 0.61 
20.82 0.76 27.40 0.23 11.5 11.13 13.25 9.02 0.53 
29.60 1. 00 29.60 0.26 11.9 12.20 14.02 10.7 0.41 
46.74 1.48 31. 58 0.28 13.3 13.33 14.73 13.75 0.29 
Aerator III 
qw h3 Vw Ah/h L qa L qa (3 (m) (m 2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) data com:)Uted Pub: 
7.58 0.39 19.43 0.10 7.4 5.47 8.87 5.03 0.72 
9.77 0.45 21.73 0.11 8.7 6.74 9.70 6.33 0.69 
12.04 0.51 23.61 0.15 9.7 7.73 10.70 7.15 0.64 
14.16 0.56 25.29 0.18 11.0 8.31 12.19 7.78 0.59 
20.82 0.73 28.52 0.23 112'.9 10.98 13.64 9.31 0.53 
29.60 0.93 31.83 0.27 12.5 11.98 14.82 10.83 0.40 
46.74 1. 33 35.14 0.30 14.3 13.20 14.76 13.52 0.28 
The comparison between measured and computed jet lengths at 
Foz- do- Areia is shown in Fig 7.6. There is an excellent comparison for Aerator 
I geometry. with some discrepancy for geometries II and III. 
The air flow comparisons are given in Fig 7.7 again showing reasonable 
correspondence for all three aerators. 
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The reason for discrepancy between measured and predicted jet lengths 
is not clear and may involve the accuracy of the underpressure (6h/h) calculations 
in the computer model calculations. On the other hand, the field measurements of 
where the jet reattaches to the spillway must be subject to considerable error. 
The main discrepancy in the air flow measurements in Fig 7.13 
appears to be at high discharge rate, where computed rates increase significantly. 
The reason for this is not apparent as this phenomena did not occur in the other 
four prototype geometries. 
(ii) McPhee Dam 
The comparison for this aerator was a special interest because the 
McPhee aerator jets were much longer that most other prototype structures and 
appeared to give much lower air flow rates than that predicted by previous air 
entrainment formulae. 
The McPhee data was reported by Frizzell &. Pugh (1988) with aerator 
details are given in Table 6.2. The prototype aerator measurements contains air 
entrainment data only. The measured air flow and computer predictions for jet 
length and air flow are given in Table 7.2 below. 
Table 7.2 
qw h3 Vw 6h/h qa L qa (3 (m2/s) (m) (m2/s) 
(m 2/s) (m) (m/s) comp (field) computed Pub: 
1. 53 0.1 15.3 0.05 1. 24 6.18 1.42 0.815 
3.88 0.2 19.3 0.045 1. 59 8.38 1. 65 0.41 
7.76 0.35 21.17 0.044 2.09 10.0 2.31 0.27 
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The Comparison is shown in Fig 7.8 and is remarkably good especially 
in the light of comments by Frizzell and Pugh who showed that the field air flow 
measurements appeared to be only about half of that predicted by previous air 
entrainment formulae. The reason for this is that previous formulae allowed only 
for linear variation between air flow (j, and jet length Uh, whereas in the model 
in this thesis, this misconception has been corrected, to good effect. The long jet 
lengths at McPhee, Uh = 25 - 60, are subjected to correction by the C 2 factor 
as shown in Fig 6.20 in Chapter 6, and the result is an extremely good 
correlation. 
7.3.3 Tarbela Dam 
The comparison of Tarbela Dam was also of special interest as the 
author of this thesis worked there for 2 years. 
In 1983 three ramp aerators were installed at the outlet tunnel 3 at 
Tarbela dam. Details of the geometry are shown in Fig 1.7. In June 1983, the 
tunnel was operated for the first time after introducing the aerators. S.Karaki et al 
(1983) reported the first few measurements at Tarbela dam. The data at aerator I 
is tabulated below in Table 7.3. The field data contains only air flow discharge 
measurements. The jet length was calculated by the Glasgow computer model. 
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Table 7.3 
qw h3 Vw bh/h qa L qa (j (m2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) com luted Pub: 
69.2 2.44 32.7 0.08 15.89 8.3 14.54 0.23 
84.2 2.44 39.8 0.023 23.53 11.0 26.0 0.28 
99.64 2.44 47.1 0.052 34.86 13.2 36.5 0.35 
168.67 7.33 23.6 0.08 7.59 6.5 7.3 0.045 
208.5 7.33 29.2 0.027 17.7 12.0 18.85 0.085 
248.5 7.33 34.8 0.07 24.8 14.0 25.53 0.10 
Fig 7.9 shows the comparison of measured and computed air now rates 
showing a very satisfactory correlation. 
7.3.4 Colbun Dam 
Pinto (1988) published some prototype data from Colbun and 
Emborcacao dam for air flow measurements. The measurements were carried out 
by the owners of the dam. The computed jet lengths from Glasgow computer 
model were used for air flow predictions. The measured and predicted air now 
discharges for Colbun are given in Table 7.4 below 
Table 7.4 Aerator I 
qw h3 Vw bh/h qa L qa (j (m2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) computed Pub: 
7.5 0.33 15.0 0.10 4.0 8.13 4.23 0.80 
23.4 0.98 23.3 0.22 8.18 12.5 8.69 0.35 
56.2 2.2 25.3 0.40 6.08 15.9 6.68 0.11 
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Aerator II 
qw h3 Vw Ah/h qa L qa (3 (m2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) computed Pub: 
5.0 0.27 20.0 0.075 4.34 8.9 4.43 0.87 
23.4 0.83 30.2 0.28 8.63 12.0 8.62 0.37 
Fig 7.10 shows the relationship between predicted and measured air 
flow, again showing a very good correlation, albeit with a slight tendency for the 
computed prediction to overestimate. 
7.3.5 Emborcacao Dam 
The field measurements for Emborcacao dam only includes the air flow 
measurements. The field measurements were carried out by the owner of the dam. 
Pinto (1988) published the data for Emborcacao dam with its aerator design as 
shown in Chapter 1. The detail of computer prediction for jet length and air flow 
rate is given in Table 7.5 below 
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Table 7.5 Aerator I 
qw h3 Vw 6h/h qa L qa (3 (m 2/s) (m) (m 2/s) 
(m2/s) (m) (m/s) comp (field) computed Pub: 
7.92 0.44 17.6 0.04 5.36 5.57 5.35 0.68 
8.84 0.46 18.7 0.02 6.01 6.24 5.96 0.68 
9.75 0.48 19.8 0.026 6.57 6.58 6.66 0.67 
10.77 0.51 20.6 0.027 7.0 6.95 7.35 0.65 
11.78 0.54 21. 3 0.03 7.43 7.33 8.0 0.63 
21. 26 0.83 24.9 0.15 10.22 9.63 10.77 0.48 
49.5 1.66 29.1 0.22 12.65 12.66 12.87 0.26 
Aerator II 
qw h3 Vw 6h/h qa L qa (3 (m2/s) (m) (m2/s) 
(m2/s) (m) (m/s) comp (field) computed Pub: 
7.92 0.44 17.6 0.02 5.24 5.25 5.14 0.66 
8.84 0.46 18.7 0.031 5.73 5.55 5.776 0.65 
9.75 0.47 20.2 0.025 6.26 6.53 6.7 0.64 
10.77 0.5 21.0 0.028 6.82 6.89 7.45 0.63 
11.78 0.53 21. 7 0.034 7.4 7.21 8.0 0.63 
21.26 0.78 26.5 0.17 10.8 10.35 10.8 0.51 
49.5 1.48 32.6 0.25 14.4 14.45 15.5 0.29 
Fig 7.11 shows the comparison between computed and measured air 
flows with the computed values over- estimating by about 5% to 10%. It should be 
noted that Emborcacao Dam had most of its Uh values in the range of 10 to 15. 
Most of its data comes under the changing limit of the constant C 2 
from 1.8 to 9(Uh)- 0.7 as seen in Fig 6.11. Hence, the data which lies under the 
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limit is calculated twice by using both relationships for C 2 with the mean value of 
C 2 taken for air flow discharge as shown in Fig 7.11. 
Fig 7.12 shows the final picture of all prototype data in one graph. Fig 
7.12 shows an excellent comparison for prototype structures except few points. The 
overall accuracy of this method of computing aerator air flows appears to be as 
low as t 10%. 
7.5 Design Procedures for an aerator, 
The following steps are recommended in the design of a structure where 
cavitation is one of the overriding considerations: 
(1). Decide upon preliminary design configuration of the spillway structure. Include 
the alignment and profile, the capacity of the structure required to pass the 
maximum floWS, and the location of ancillary structures such as diversion tunnels, 
plunge pools, energy dissipators. 
(2). Study the cavitation characteristics of structure through the use of the 
computer program written by H.T.Falvey (1991). The listing of the program is 
given in Appendix B. At least five increments of discharge encompassing the range 
of flows anticipated to pass through the structures should be simulated. This will 
ensure that the most critical flow condition is considered. This analysis will provide 
the cavitation index for each flow and each point along the spillway. 
(3). Determine the required surface tolerances as a function of minimum value of 
cavitation index as given in Table A in Chapter 1. Table A will indicate if 
aeration is desirable or not. Aeration is usually provided for an index less than 
0.25 .. 
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(4). If the flow cavitation index is less than 0.2, investigate the effect of change 
to the spillway geometry on the cavitation index. The computer program written by 
Falvey could be used to develop the optimum curvature in the case of vertical 
bends. If the invert profile is linear, then changes in the width or diameter of the 
structure can be investigated using the same computer program. 
(5). If low values of cavitation indicies can not be ameliorated by change in 
geometry, than an aeration device can be designed using computer program in 
developed during this study and listed in Appendix A. 
(6). For vary small values of cavitation indicies changes to design concept should 
be considered. For example replacing a tunnel spillway with a free jet that 
impinges into a plunge pool may be possible. 
(7). Once aeration device and its location had been selected, the air entrainment 
rate and air flow characteristics can be calculated by using computer program in 
Apendix A. The choice of a ramp angle ell is important so that the jet does not 
rise too high, or become broken- up because it is too long. 
(8). The computer program in Apendix A gives a good estimate of jet length 
including its spread. The under nappe pressure calculated by this computer program 
leads to a suitable design of air duct. Head losses are minimised if the air duct is 
provided with bell mouth entrance and with large cross sectional area. The 
program will give a good estimate of air flow rate to an accuracy of :tlO%. 
(9). Future work is required for further addition in this program, to include air 
distribution and concentration downstream of aerator, which will help to locate the 
position of next aerator along the spillway. 
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CONCLUSIONS & SUGGESTIONS FOR FUTURE WQRK 
This thesis has presented details of an extensive experimental study 
into the behaviour of turbulence and air entrainment at an aerator ramp. 
The physical model used in this study was a rectangular cross- section 
perspex flume, sloping at 4S 0, incorporating a range of ramps at different angles 
(20, 50, 10 0) which could be inserted in turn. A range of flow depths, flow 
velocities, and boundary roughness values were tested and the turbulence 
measurements were taken by a Laser Doppler Anemometer. The purpose of the 
detailed turbulence measurements was to provide a better physical understanding 
of the flow behaviour of turbulence at a ramp. 
The following general conclusions can be summarised from this thesis. 
(i) The ramp acts as a turbulence generator. 
(ii) No ramp angle (2 0 , 50 , 10 0) is significantly more efficient at 
producing extra turbulence. 
(iii) The turbulence decays in the jet, downstream of the ramp. 
(iv) Air entrainment in aerator jets is directly proportional to vertical 
turbulent velocity and jet length, (CIa oc wlL) where Wi and L are 
complex functions depending on a large numbers of parameters. 
(v) Air entrainment only begins when turbulent velocity at the end of the 
ramp is equal to or greater than 0.3 m/s. 
(vi) The air flow rate is not linear with jet length, Vh. 
(vii) The air flow rate decreases with increasing cavity underpressure, All/h. 
(viii) Scale effects can be incorporated at design stage. 
(ix) Air entrainment rate can be predicted from 
CIa = C 2 C 3 (u. - 0.18) L which is accurate to :t: 10% and is valid 
for models and prototypes. 
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Detailed conclusions from turbulence measurements . 
Initial turbulence measurements on the vertical plunging circula r jets 
reveal 
(i) For the low turbulence nozzle jets, the centre line turbulence increa e 
with jet plunge length. This is due to a redistribution of turbulence from the 
edge of the jet towards the centre. 
(ii) For the higher turbulence orifice jet, the jet centre line turbulence 
increases initially with jet length, reaching a maximum and decaying thereafte r . 
Atmospheric jet turbulence must eventually decay because velocity gradients decay 
to almost zero. 
(iii) Turbulence values generally increases with velocity, jet diameter and 
hence Reynolds Number. 
( i) 
Detailed conclusions from turbulence measurements along the spillway, 
ramp and jet '-
Variation of turbulence with height above the channel bed is flatter 
than previous subcritical open channel flow measurements. This is connected with 
turbulence transmitted from the upstream pressure box as well as the steep 
supercritical nature of the flow. 
(ii) Values of turbulence are also higher than previous subcritical 
measurements, particularly in the case of ul/u more than wl/u. 
(iii) The ramp acts as a turbulence generator with values of WI = 1.35 u. 
near the channel base upstream of the ramp. increasing to WI :::: 1 .75 u. near 
the channel base at the end of the ramp. 
(iv) Downstream of the ramp, turbulence decays in the jet, the decay 
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becoming significant at jet lengths (x/h 3) greater than 8 or 10. 
(v) Turbulence measurements along the spillway increases with jet velocity. 
flow depth and Reynolds Number. (observation from circular jet measurements 
shows that turbulence does not increase significantly for jet velocities greater than 
10 - 13 m/s). 
(vi) The effect of varying the ramp slope 41 from 2 0 to S 0 and to 10 0 
produces negligible change in the turbulence values generated at the end of ramp. 
(vii) Variation of aspect ratio (b/h) of the flow, shows an apparent decrease 
in turbulence as blh increases from 1 to 5. This, for the most part, might simply 
reflect the reduction in flow depth h to produce an increase in b/h. A reducing 
flow depth h. reduces Reynolds Number and turbulence values. 
(viii) Introducing a rougher boundary increases the values of turbulence 
intensity w'/u by around 15% - 20%. although the value of w'/u. remains 
largely unchanged. 
Main conclusions from air flow measurements at the spillwav ramp aerator. 
The discussion of air flow data in Chapter 5 has produced a picture 
of the physical flow behaviour. The physical frame work for air entrainment rate 
used in this thesis is (qa oc w'L). This relationship seems deceptively simple. but 
hides a range of complex interactions. The simplest functional relationship which 
might be employed in this case would be, air/water ratio = qa/qw = (3 = 
Uh 3 = f { 8, ell, Fr, 6h/h, w'/u, ks/h , Re, x/h3 }. 
The air flow measurements revealed that '-
(i) The jet length ratio Uh 3 , varies linearly is with Froude Number at 
the end of the ramp (section 3). 
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(ii) A minimum Froude Number (i.e 2 - 4) is required to initiate air 
entrainment. 
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(iii) A reduction in jet length (Uh 3) occurs when the value of the cavity 
underpressure .6h/h is increased. 
(iv) The rough boundary produces slightly lower jet lengths than smooth 
boundary because of greater values of turbulent velocity w', and hence 
greater jet spread. 
(v) The air entrainment per unit surface area (~/L) is high for short jet 
length ratios, Vh < 10.0, whilst long jets, Vh > 20, produce 
substantially less air entrainment. 
(vi) The air entrainment rate reduces with increasing cavity underpressure, 
.6h/h. 
(vii) Aeration in ramps occur only when certain minimum turbulent velocity 
is exceeded of the order W'(min) = 0.3m/s. This value may be 
subjected to scale effects. 
(viii) The 2 0 ramp angle is more efficient in entraining air, because it 
produces shorter jet length ratios (Uh). 
(ix) The aerator can be made more efficient by introducing extra roughness 
on the channel bed upstream of the end of the ramp. 
A new correlation for air entrainment rate at rampl, 
A frame work for aeration uptake at a ramp aerator is proposed in 
section 6.3 and proved a reasonable correlation both for the results of this work 
and the results of other model studies from around the world [section (6.4)]. A 
comparison with prototype field data was carried out in section (6.5) giving an 
excellent correlation. The frame work for aeration is different from any previously 
proposed for the following reasons:-
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(i) It incorporates the non- linear effect of jet length Vh. 
(ii) It is based on knowledge of turbulence generation and decay at a ramp. 
(iii) It incorporates a scale effect term which appears to give reasonable 
correlation between model and prototype. 
(iv) It incorporates the effect of cavity underpressure 6h/h. 
The new correlation is based on the equation 
where C 2 represents the effect of jet length, whose value is given in Fig 6.16 
and in the table below. 
C 3 represents the effect of cavity underpressure (6h/h) , and the value 
of C 3 is shown in Fig 6.19 and in the table below. 
(u. - 0.18) is based on a minimum turbulent velocity of 
W 3' = 0.3m/s for aeration to commence, hence it is based on the 
term, with a substitution for 
w ' = 1.75 u. 3 . 
w' 3 in the form 
L is the jet length which is either measured by model study, or can 
now be computed, as described in Chapter 7. 
The computed value of L is based on pYuJtc.~"f: theory, with allowances 
for cavity underpressure and jet turbulence w'/u causing jet spread. 
The new correlation for air entrainment produced an accuracy 
of ± 10% for all prototype data world wide, and comparable order of 
magnitude for all model data world wide. 
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L/h values f 2 (L/h) C2 f 3 (6h/h) C3 
1 • 575 
0 10 1.8 - 4.81 
(6h/h) 
-+ e 
1 • 575 
-0. 7 
- 4.81 (6h/h) 
11 -+ 00 9 (L/h) e 
The author has also produced a new model for determining scale 
effects in aerators outlined in section 6.7. This is based on the ability to predict 
a synthetic turbulent velocity at each model scale including the prototype scale I 
and determining how much turbulent velocity above the minimum value of 0.3m/s 
exists at each scale. This produces a scaling term (wa' - 0.3), when turbulent 
velocity is computed in the air bubble size range. 
Suggestions for future research 
(i) It should be noted that one key area of aerator research was not 
attempted because of the time constraint. That was, the behaviour of 
entrained air bubbles in the flow; the decrease in air concentration; 
(including diffusion- advection of air bubbles in the flow), the decrease 
in air concentration near the solid boundary downstream of an aerator; 
and what distance apart to place the next aerator. This work needs 
full physical and numerical modelling. 
(ii) In this research only one spillway slope was used which produced a 
narrow range of velocities, aspect ratio and Reynolds Number. Further 
studies are required to extend the range of velocities u, bed slope 0, 
and length of the channel up to the ramp Lgr . 
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(iii) Another key area is that of the influence of the free surface aeration 
which enters the flow from the upper free surface of the aerator jet. 
This process usually occurs due to turbulence from the ramp being 
transmitted to the free surface, which in turn entrain air, and may 
introduce as much air on the upper surface as the lower. 
(iv) Further work is required to produce a comprehensive numerical 
modelling package which will analyse aerators in detail, including 
bubble dynamics, but will also fit into a general spillway numerical 
package generally used by Consulting Engineers. 
(v) There would be some advantage in prototype turbulence measurements 
being done at one aerator with a view to comparing with turbulence 
in models at various model scales at the prototype, investigating the 
link between w' and air flow CIa at various scales, and looking at the 
value of W'(min) = O.3m/s at various scales including prototype. 
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APPENDICES 
Aependix 'A' 
Author's computer programs. 
AI Jet trajectory program (based on model of H.T.Falvey) 
All Subroutine 'ROGOUS' calculates friction factor 
AIll Subroutine 'BOUND' calculates boundary layer development 
AN Laser program for velocity & turbulence measurements 
(written in Asyst langauge) 
AV Frequency spectrum program (Asyst) 
A Vi Calculation of shear velocity u.. 
Appendix 'B' 
H.T.Falvey Cavitation program 
Appendix 'e' 
Detailed air flow measurement data (Cl - Cl2) 
Appendix A 
JET TRAlEcrORY 
PROGRAM TRAJ 
••••••••••••••••••••••••••••••••••••••••••• 1 •••••••••••••••••••• 
ThIS PROGRAME ESTIMATE THE PRESSURE UNDER THE NAPPE 
CALCULATE THE NAPPE TRAJECTORY 
DETETMINE THE PE~SSURE DROP ACCROSS THE VENT 
•••• I ••••• t ••••••••••••••••• I. * •••••••••••••••••••• ","""".1 
DIMENSION YAB(300),YRRB ( 300),XBBf300).YBBf3C ~ ).XBT(300).YBTf}OO) 
DIMENSION XLH(300).YLNf300 ),XT(300).YTf300).XABf30 0) .XARBf300) 
DIMEHSION XB(300),YBlf300),XAf300),XAA(300).YR(3001.YRR(3001 
DIMEHSION AA(500),BL (500),XLO(300),YLO(300).XJET(300).BNAP(300) 
DIMEHSION FYD(303),FYUf300).PHD(300),rHU(3CO).SLH( 300 1.CLN(300) 
DIMENSION XLNN(300).YLNNf30C),XLDDf300).YLDO (300).XHAP(300) 
DIMENSION XB1(300), YB(300),YHAPf300).Y(~OOO) 
COMMOH/CONTR/DELPR 
REAO (5,')QO,B.YR,RANGLE,TURBI,BSLOPE,GS 
REA D( 5,~ i 02.E2.& LT.BOT.AOLEHG,CC,VENT 
TE TA =(RANGLE' Z2, C1 /(180 ,O'7.0) 
SS=fSSLOPEJ 22 ,O)/flBO,O'7,O ) 
Ci=COSfSS ) 
SI=TAN(SS) 
CO=COS (TETA) 
AR=YR'B 
VR=QO/AR 
C·0 .2 
U=fC+YR) 
DT=0 ,02 
RO=lOOO ,O 
G=9,Bl 
STR=D2 
ELR=E2 
C TO FI N~ THE LOWER LIMIT 
c 
c 
TH~=TETA+ATAN(TURBI) 
VX =VR·COS(THR) 
VY=VR'SIH(THR) 
DO 10 J=I,150 
T=(DT'J) 
XB(J)=(UX.T) 
YB(J)=(UY'T)+(O ,,'GITIT) 
Yl=ELR-CC 
Y2=XB(J)·SI 
Y(Jl·Y1-Y2 
XS1(J)=STR+XB(J) 
YBlfJ)=ELR-YB(J) 
IFfYBl(J),LE.Y(J)1 THEt'1 
GO TO 393 
ELSE 
GO TO 18 
END if 
AI 
Trajectory Program 
(Continued) 
Appendix A 
18 Fl=(O.5IG)/(UXIU Xl 
F2=(UYlUX) 
P=(F2-S1) 
Q=(FI I C) 
C ZI=(PIP+4. I Q) 
C IF(ZI.LT.O.O) THEH 
C Z=SDRT(ABS(Zl)) 
C ELSE 
C Z=5QRT(ZI) 
C EHD IF 
CC 
C XA(J)"(-P+Z)/(2 . I F1) 
C XAA(J)=(-P-Zj/(2.tFl) 
C YA(J)=FI I XA(J)tXA(J)+F2 tXA(J) 
YAA(J)=FIIXAA(J)tXAA(J)+F2'XAA(J) 
XBOT=XB(J) 
YBOT=YB(J) 
XBTiJ)=STR+XBOT 
CC YBT(J)=ELR-YBOT 
c 
C IF(YBiJ).GT.YA(J)) THEH 
( GO TO 33 
C ELSE 
C GO TO 10 
C END rr 
( 
r 
10 CONTINUE 
393 M~=J 
H=l 
;':~DD(N)=STR 
YLDO(Hl=ELR 
SUM=O.O 
MM=MN 
DO 696 J=l,MM 
T=IDTIJ) 
XLDIJ+l)=(UXIT) 
YLD(J+l)=( ((UYIT)+(O.5.GIT'T))) 
XLDD(J+ll=STR+XLO(J+I) 
YLOD(J+l)=ELR-YLD(J+l) 
AA(J)=(XLDD(J+l )-XLDO(J))"2 
B~(J)=(YLOD(J+l )-YLDD(J))1'2 
PHD(J)=(YLDO(J)-YLOD(J+l))/(XLDD(J+1 )-XLDO(J)l 
FYD fJ)=ATAH(PHD(J) ) 
XJET (J)=SCRT(AA(J)+BB(J) 1 
SUM=SUM+XJET(J) 
696 CONTINUE 
WRITE f 6.424) 
424 FORMAT(2X, ' JET LEHGTH ' ,5X ) 
WRITEI6.*) SUM 
QAIR=O .03;*5UM*VR*B 
ChL ~ DELPIELR.GS.DLT,8DT.ADLEKG.QAIR.VEHT l 
AI 
Trajectory Program 
(Continued) 
AI 
Appendix A 
C FOR UPPER NAPPE 
C 
DO 88 1=1,100 
T=(OTtI) 
XBB(I)=(VXtT) 
YBB(I)=(VYtT)+(O,5*GtT,T) 
Fl=(O,5 tG)/(UX'UX) 
F2=(UYlUX) 
P=(F2-S1) 
R=(Fl'U) 
Z2=(P'P+4,O'R) 
IFrZ2,lT,O,Ol THEN 
ZZ=SQRTrABS(Z2)) 
ElSE 
ZZ=SQRT( Z2) 
END IF 
C 
XABrI )=(-ptZZ)/(2,tFl) 
XA~B r I I=r -P-2Z) /! 2,'FI ) 
~ 
YA 3f I)=rl*XAB( I)tXAB(I)tF2·XAB(Il 
YAAB(ll=FjtXAAB(I)tXAAB(Jl tF2 I XAAB(J 1 
C 
000= (YHB f I ) + YR) 
IFIYBB( 1) ,GT ,DOD) THEN 
GO TO 44 
ELSE 
GO TO 88 
END IF 
88 CO NTINUE 
44 l=I 
C 
C 
C TRAJECTORY FOR UPPER NAPPE 
C 
TMR =TETA-ATAN(TURBI) 
XOFF=YR*SIH/THRI 
YOFF=YR*COSITHR) 
C 
UX=UR'COS ITHR ) 
VY=URlSIH(THR) 
M=1 
XTlM)=STR+XOFF 
YT(M)=ELk+YOFF 
DO 303 I=l,L 
1=(OTt1) 
XXX=fVX'T ) 
yyy=rVYfTl+(O ,5tGfTfT) 
XX=XXX 
yy=yvy 
XTIJ·l)=STRt XDFF+XX 
YT(Jtl \=ELR+YOFF-YY 
f H U f J ~ = ( YT I I ) -YTf I tI ll / ( XT ( I q ) -XT( I ) ) Trajectory Program 
FY U( J)=ATANfPHU ll ) i (Continued) 
303 COtnIHU~ 
Appendix A 
C LOWER NAP PE CALCULATIONS WITH EFFECT OF UNDER PRESSURE . 
c 
c 
DO 17 1=1,50 
DELPR:( IIIOO.) 
Mp:l 
XLNM(MP)=STR 
YLHN(MP):HR 
SUM:O.O 
XYZ:IG'RO'DELPR/ (YR'RO)) 
MM:MM 
DO 888 J=I,MM 
SLN (J)=SIN(FYD(J )) 
CLNIJ):C05(FYD(J)) 
T=(DT'J) 
XLH(J+l )=( IVR'CLN(J) )'T)-O.5 I ( IXYZ'SLN(J) ),T.T) 
YL N(J+1 )=( ((VR·SLH(J ))'T)+0 .5 *( (G+(XYZ'CLN(J)))'T'T) ) 
XLNN(J+l )=STR+(XLH(J+l) ) 
YL NH( J+J i :ELR- fYLNI J+1) ) 
EiT=EL R-CC 
ELR2=ETT-(Sl' IXLHN( J+1 )-STR )1 
XNAP(J l=IXLNN(J+l)-XLNN(J))'·2 . 
YNAP(J )=(YLNN(J)-YlNN(J+I)11'2 . 
BNAP(J )=SQRT(XHAP(J)+YNAP(J)) 
SUM=SUM+BNAP(J) 
IF(YLNN(J+l).LE,ELR2) THEH 
GO TO B08 
ELSE 
GO TO 888 
END IF 
868 CON TI HUE 
808 SJET=fETT-ELR2 )/SIH(SS ) 
WRIiE f6,B,8 ) 
856 FORMATf 2X . ' JET LENGTH ALONG THE BEDSLOPE W.E .F UNDE R PRESSURE ' .2X) 
( ~ R jTE (6 ,') SJEi 
C WRliEf6.848) 
C 848 FORMAT (2X,'EXACT NAPPE LENGTH WITH EFFECT OF UHDER PRESSURE' .3X) 
QAIR4=O .033 I SUMIB'VR 
c 
YRITE(6,- ) I,J,DELPR.SUM,QAIR4 
17 CONTI HUE 
WRITE(6.1l0) 
110 FORMATf2 X. ' J E T T RAJ E C TOR Y 0 V ERR AMP ' ,2X) 
WRITEf6.111 1 
III FORMAT( 2X . ' ###11111"11##1#1############################### ' ,2X) 
WRITE (6.112) 
112 FORMAT(5X. ' , ,3X) 
WRITEl6.1l3) 
113 FORMRT(l X. 'RAMP' ,lOX.'DELTAX ' ,5X ,'ELEVATIOH ' ,5X . 'RAMP AHGL E' ,2X) 
WRITE lc ,ll4) D2.E2.RANGLE 
11 4 FORMAT(lOX.Fl 0.2.3X,Fl0 .2.3X.F10 .2) 
WRITE( 6.115 ) 
11~ FORMAT! IX . 'FLO W: .1 0X . 'DISCHARGE(W) ' .5X . ' WIDTH ' , 5X . ' FLOW DEPTH 
·AT RA MP ' .5X.' TURB fll' ,3 Xl 
~RI TE (6 . 11 6 ) QD.B.YR.TURBI 
116 FORMA T (i 5~ .Fi O . 2 .5 X .FI 0. 2.5X.F 10. 2.8 X .F 10.Z . 2Xl 
WRITE( 0 .11 71 
AI 
Trajectory Program 
(Continued) 
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117 FORMAT(2 X,: ',3X) 
~ RITE(6, 1181 
118 FORMAT(5X. 'LOWER NAPPE ' ,5X, ' CENTRAL NAPPE' .30X.'UPPER NAPPE' .2X) 
'RITE (6.1l9j 
119 FDRMAT(5X. ,=============================s===.= •••••••••••••• ~=.==' .5X 
'. ' ====================================== ==== === ' ,3X) 
WRITE(6,120) 
120 FORMAT(3X, 'STATIOW ,3X.'ELEVATIOW ,3X. ' STATIOW .3X. ' ELEVRTIOW 
+.20X,'STATION'.3X.'ELEUATION'.4X ) 
C WRITE(6,222) 
C DO 77 J=I,MN 
C WRITE(6.222) XBT (J),YBT(J ).XT(J+l).YT(J+I) 
C 222 FORMP.Tf3X.2FIO.2.45X.2FIO.2 1 
C 77 CONTIN UE 
~Rm ( 6.444 ) 
C DO 5~ K=MN,L 
C wRITE f6,444 1 XT(K).YT(K ) 
444 FORMATf66X,2F10 .2) 
.- 55 CO NTINUE 
STOP 
END 
SUBROUTINE DELP(ELR,GS,DLT.~DT,ADLENG,CAIR,UENT) 
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C THIS SUBROUTIH~ CALCULATE THE PRESSURE HEAD LOSS IN THE AIR 
C SUPP LY DUCT . 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
COMMO N/CONTR/DELPR 
C A=SHARP END 
B=RE-ENTRAINED 
C [=SLIGH LY ROUNDE D 
O=BELLMOUTHED 
E=FO OT UALUE 6 STAINE R 
IF fET.EC.A ) PIK=O .5 
( IF iET.EO.Bl P1K=O .8 
C IFfET.EQ .Cl P1K=O.25 
C IF(ET .EC.DJ PI K=O.05 
IF(ET .EC .E) P1K=Z .50 
F'IK=O.05 
F=112 
G= 1. f; 
H=2. 0 
C IF fB EHDf R/D) .EQ .F) P2K=1.OO 
C IFfBEHD(R/D1.EQ .Gl P2K=O .75 
( IF(BEHDfR/O) .EQ .Hl P2K=O.40 
( 
P2K =O .55 
C FOR FRICTION FACTOR F 
Trajectory Program 
(Continued) 
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ADUCT=rOLT*SOT )*VENT 
P=2.tIDLT+BDT) 
R=ADUCT/f' 
VISC=O.OOOOOI 
VAIR=QAIR/ADUCT 
RE= (4I R'VAIR)/VlSC 
WRITE 16. I) VAIR 
Y=GS/I14 .a
'
R) 
Z=2 .51/RE 
11=0 .001 1 1000000 
12=1000000 
DO 121 1=11.1 2,100 
F=I11000000 .0 
FF=I.1SCRT(F) 
SI=FF 
5Z2=(Y+(Z'FF )) 
ST=ALOGI0(S22 ) 
52= r -2 1 ST) 
IF(AaSrS2-SI ).LE .O.05) GO TO 89 
121 CO NTINUE 
29 F=I .1 (j:'F*FF ) 
WRITE (6.* 1 F 
TK=(F'ADLENG)/14.
'
Rl 
P3K=TK 
C EXIST LOSS INLET/OUTLET DIAMETER 
C 
0=4/5 
P=3/4 
Q=213 
RR=213 
SS= 113 
TT=1I5 
UU=1I1 
IF (I/O .EC.OO) P4K=0.1 5 
IF II/O.EQ .PP ) P4~ =0.20 
IF(I/O.EQ .QQ) P4K=0.35 
IF(I/O.EQ.RRI P4K=0.60 
C IF(I/O.EQ.SS) P4K=0 .80 
[ IF(I/O .EQ .TTI P4K=1.OO 
C IF(I/O.ED.UU) P4K=O .OO 
c 
P4K=0.BO 
TOTAlK=(PIK+P2K+P3K+P4K) 
PA=lO.33I(I-ElR/44303 . )115 .255 
PABS=PR-O .12 
VVRIR=(VAI~VAIR)/19 . 6 
DELPR=(TOTAL K*VVAIR1*ll.23/1000.0) 
ELP R=(PABS-DELPR) 
WRITEI6,lj DELPR 
WRITEr 6.434 ) 
434 FORMATf2X . ' ABS PRES5URE ' .2X ,'DELTA PRES5U RE' ,l ZX , ' OE LTA P' .2Xl 
WRI TE(6,444 1 PABS. DELP R,ELPR 
4~4 FORMAT(2X.F 10 .3.10X.FI C.3,BX.FIO .3 ) 
RETURh 
END 
AI 
Appendix A 
FRICTION FACTOR 
•• 1 CONTENTS OF FILE :GNCU68,LAZ(I,f,l) ,A1(78) AT 17:01:1 5 ON 1991/09/1 3 ft. 
PROGRAM ROGOUS 
C .1 ••••••••••••••••••••••••••••••••••••••••••••••••••••••• , •••••• , 
C THIS SUBROUTINE CALCULATE THE MANNING'S 'N ' BY USING 
C FACTOR 'F' IN ORDER TO ESTIMATE MORE ACCURATE VALUE , 
C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DIMEHSION QO(300),YR(300),AJET(300) 
REAO(5,') N 
DO 11 I=I,H 
REAO(5,.) QO(I),YR(I),AJET(I) 
11 CONTINUE 
READ(5,') B,GS 
DO 39 K=I,N 
AD=B'YR(K) 
CG=CO(K)/B 
CGC=(CGu O,,19) 
CGH=(CGC'6) 
RGH=(AJET(K)/CGH) 
PRINT', ' LS ' ,CGH,/l/lh' ,RGH 
UO=QO(K)/AO 
PO=(B+(2'YR(K))) 
R=AD/PD 
UISC=O,OOOOOI 
ROGG=(O ,OOl)/(4'R) 
RE=(4,O'R'UD)/UISC 
T=GS/(14 ,8'R) 
VV=2,5/RE 
II =,001'1000000 
12=1000000 
DO 10 1=1 1,12,10 
F=1I1000000,O 
FF=1.0/SCRT(F) 
SI=FF 
S22=(T+(UU'F) ) 
ST=ALOGIO(5ZZ) 
52=(-2'ST) 
IF(ABS(Sl-S2) ,LE.O ,05) GO TO BO 
10 CONTINUE 
80 F=1.0/(FF) 
FFF=(FIF) 
FSD=SQRT(FFF/B, ) 
WW=( AJET(K) )/(YR(K)) 
BETA=(WW'FSD) 
~RITE(6,133) 
133 FORMAT(2X,IBETA ' ,lOX,IK/D ' .10X,'FF' .IOX,'L/H' .2X) 
WRITE(6,')BETA,ROGG,FFF.WW,RE 
39 CONTINUE 
STOP 
END 
••• END OF FI~E CONTENTS ••• 
All 
AppendIx A 
BOUNDARY LAYER DEVELOPMENT . 
,.1 CONTENTS OF FILE :GNCV6S.LAZ(I,I,I) .BB (10) AT 17:01:34 ON 1991/09/ 13 ••• 
PROGRAM BOUND 
C .1 •• 11*11*1111* •• 1 •• 1.1.11.1 •• 1 •• 1111 ••• 1 •••• 111.1111.'.1 
C THIS SUBROUTINE CALCULATES THE BOUNDkY LAYER 
l THICKNESS BY COMPAREING DIFFERENT FORMULE . 
C 1 •• 11 ••••• 11 ••••••• 1 ••• *111 ••••••••••••••••••••••••••••••• 
C 
READ (5, ')XL.DELTA,GK 
WRITE(6,113) 
WRITE(6.115) 
N=XL/DELTA 
DO 9 I=I,N 
DE LT RX=( (D ELTA)I!) 
BL = f DEL TAX/GK) II (0.13) 
BLTl=(O .024·(DELTAX))/(BL) 
BLl=(DELTAX/GK)'·(0.25) 
BLT2=(O.233)'(DELTAX)/(BLI) 
R2=1.0E+04 
R3=I.OE+05 
R4=1. OE+06 
R5= 1. OE +07 
R6=1.0E+OB 
BLT4=(O.3B)I[DELTAX)/(R2' 1 0.2) 
BLT5=(O.38)'fDELTAX)/(R3 1IO.2) 
BLT6=(O.3B)'[DELTAX)/(R4 •• 0.2) 
BLT7=(O.38 )'(DELTAX)/(R5··O .2) 
BLTS=(O.38)'(DELTAX)/(R6"0.2) 
WRITE(6.111)OELTAX,BLTI.BLT2.BLT4.BLT5,BLT6,BLT7,BLTS 
III FORMAT(II,IPBEI2 .4,1) 
9 CONTINUE 
113 FORMRT(2X, 'DELTAX' ,7X,'BAUERS' ,5X,'MS.THESIS(U5A)', 
+20X,'HANK FALVEY' ,2X) 
115 FORMAT(43X, 'I.OE+04' ,5X,'I.OE+05' ,5X, ' 1.0E+06' ,5X, 
.'1.0E+07' ,5X, '1.0E+OS' ,2X) 
STOP 
END 
II. END OF FILE CONTENTS .1. 
AllI 
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ANALYSIS OF TURBULENCE DATA 
\ PF~OGRAf'1: L. ?~ SEf : 
\ THI S PROGRAM USED TO DETERMINE 
\ VOLTAGE FROM LASER 
\ SET BY (FREQUENCY LAZE R CO MMAND ) 
INTEGER SCALAR ERROR.CODE 
INTEGER SCALAR SEGMT 
INTEGER SCALAR CHN 
INTEGER SCALAR GAIN 
INTEGER SCALAR Z.CHN 
INTEGER SCALAR RANGE 
I l\nEGE:r;~ SC:ALAF: v~ 
I NTEGER SCALA R ADATA 
REAL DIM[ 4096 ] ARRAY POSITIONO 
\ 
\ DEF I Nt: f:\ GENE F~?~L F'l..lF:F'OS::: E t~: RQF~ Pf:':CJCESS I N (3 f~OLlll t\l E . 
\ " 
EF;F·:DR "; \ (S TF; I Nl:i __ , _ __ ) 
CALL[ ° C146S • ERR.S YS . ER RO R . CODE ~ 
ERROR .CODE 0 { > IF 
1\ TYPE Et:;;F~Cm, CODE , CR 
ELbE 
1\ DF~ OF' 
THEN 
L?~SEF\: 
CF\: .. " S::::TT ING ARFiAYS Te) ZEF\o " 
<) PO ::") I T I ONO :::::: 
\ INITIALI ZE THE PCI-20046S-4 SYSTEM. TH I S SEQUENC~ MU ~ BE 
\ C'::  I VEt',! PI:;; I OF: TO CriLL H~ C:! ,~I\iY CTHEf~ PC I --:2004 6 8 - '1, INSTRUCT " 01\1. 
Cf~ 
I ' 6 J..; ; H sr:T. VECT 
CAL L[ PC I 4 6S , SVSIN IT J 
\. 
\ SEGM~ . DEF I NE BELOW ~ CONTAINS THE BASE ADDRESS OF THE C ~RIE~ ' 
\. WE: USE II COO!) II H ~ BU T YDU Cf.~ t\! S~:T I T AN Y WHER !:::" F,EFE F.: TO THE 
\ CARRIER MANUAL FOR MORE INFORMPTION. 
\ [PCI46S ~ INIT ~ SEGMT ] MUST BE CALL.ED ONC E FOR EACrl CARR I E' 
\ IN THE SYSTEM , EACH WI 1'H IT S OW N ADDRES S 
I ; COOO " !'-I SEGI'H : = 
CALL [ PC I46S , INIT ~ SEGMT ] 
\ . 
\. 
\ 
CHECI< FOf~~ ~4 SYSTEr'l ERRO r: " DI"JF: I NG DEBU G ~ CALL, EF,r, " C' E.: or~' T Ef\I, 
POSSI BL Y AF TER EVERY CALL TO THE PCI-~0046S-*. l 'r I E A GOO[' 
I DH~ T ::.! LEf'.:)yIE PI FEl~ ER r~: . f:.:;Y5 CAL L. I 1\1 ~ F 11\1 I SHEll F' F\O c:.' F\?-~ 1 11::.: H .J 
!VIOi'HTOF.: THE S TATU E: Dc' TI-E':' \..::;\! ~3T EI· I . 
Laser Program 
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CF: 
CR =" ~~ETT I NG GA I r,! AND RANGE" 
(: CHh: ~ = 
1. 13A I!'~ : = 
- 1. Z. CHt\i : = 
J F~~ ~~NGE : = 
\. W I S THE NUMBEr:;: OF RE~lD II\IGS + 1 ON CHANI'-IEL 
4097 W := 
CF 
CR . " CONF I GUF: I N(3 CHANNEL 0" 
CALL[ PC! 46S , CNF.AI ~ CH~ • GAIN , 2. CH~ , RANGE J 
" EFW\ OF: FOUN D DUF I NG n ·lf=. A l " EF=\: f=\: OW,'·\ 
.. PEAL' THE ANALOC; I !'·.IPUT CHANNEL 
\ 
'. 
CR 
Cr ·; " " READ I I\IG CHANt'iEL" 
\ SET FREQUENCY OF SAMPL ING 
CR ." DAT A AQU IS IT IO N LOOF" ; 
\.<1 1 DO 
SY !\I CHF~ON I ZE 
CALL [ PCI46S ~ FEAD.CH ~ AI.T ~ CHN ~ ADATA ] 
\. 
\ GIVEN THE ADe READING~ ADATA~ TO ARFAY AND CONVERT 
\. 
\. THE ASSUMPTION IS THAT THE PCl- 20002M-1 MODUL E I S SET 
\ UP FOR + \ - 10 VO LTS 
l HE PREVIOUS PFOGRAME GIVES THE EQUATION TO BE USED I N PLACE 
\ OF THE ABOVE LINE FOR OTHER THAN + \- 10 VOLT S 
AUATA POSITIONO [ I ] := 
LOOF' 
CF< " DATA CONVEF:SION" 
'. 
\ cmNEF: T AFRAY FROi1 {')NALO!3 VOLTAGE TO DIG I TAl.... VOLTAG E TO 'v'ELCJ: : 
\ 
POS IT IONO 2 0 .0 * 4096.0 / 10.0 - GA I N / POSITIONO := 
CF< ." NUMBEF~ OF READ I NGS ON CHANNEL ~) WA S " W 1 - • 
CR 
\ PRINT OUT DIMENSION OF EXPERIMENT 
\ FROM PREVIOUSLY INPUTED DATA 
RE ~1L SCALKF VEL 
REA~ SCALAR RANGE2 
20 STR ING TESTRUN 
2':) STFU NCi DATE 
F:E?-iL SCALAF,~ MAN 
RE AL SCALAR DEPTH Laser Program (Continued) 
AppendIx A 
II'·!F'UTSO 
n ;: "" CHANNAL 0 (LAZEF: DOPF'LER)" 
CF: 
Ch DATE "TYPE 
CF: TESTF~U i\! 1\ TYPE 
Cf:;: ;; WATEh DEF'TH H ,I THE CI-·!ANNEL. :::::" DEF'TH • ,," rn 1\ 
" Hz " 
W 1 DCl 
POS ITI ONO [ I J .000000632 * RANGE2 * 1 . 986395 I POSITI ONO L 1 ] : = 
LOO F' 
\ DETERM I NE STATICAL PROPERTIES AND RESULTS 
REAL DIM[ 3 ] ARRA Y TEMPO 
: F: ES:JL T50 
I I\iF'U TSO 
CF: 
CF: !, t"IEAbURED VELO~ I T Y BY r1?)NOMETE Fo: t fil ls ) == " VEL. "m i .::, I , 
\. 
Ci_, ;; LASEF: MEASUREt1ENTE; (m /s) " 
P05ITIONO MEAN TEMPO [ 1 ] := 
P021110NO VAR IANCE SQRT TEMPO [ 2 ] : = 
TEMPO [ 2 ] TEMPO [ 1 ] I 100 * TEMPO [ 3 J := 
Ch • \I POHH VELOCITY I N THE CHANNEL= " TEI"IPO [ 1 J. "m/s" 
CF\: 1\ TURBULENCE I NTENS I T V U ' AT THE SAI1E: F'O I NT=" TEMF'O [ ::: J • 
CR 
CFi • \I TURh! TH~ LASER AT 90 DE(3REE FOF~ ""'" 
cr~: 
II .. I 
I . 
Appendix A 
POWER SPECTRUM 
PROGRAM CONTA I N I NG ,F REQUENCY SF'E CTRUM F'L OT T 1 NC::' (,:; () ''1 1 1 ~ 'IN D:':; 
\ SMOOTHED TIME SERIES COMMANDS , AN D SOME ABREVI ATED 
\ COMMO NL Y USED ASYST COMMMANDS 
\ 
\ 
\ PL OT FREQUENC Y SPECTRUM 
REAL D IM [ 4096 ] ARR AY POS I TION X 
REAL DI M[ 4 096 ] ARRAY FSP EC TRUM 
- ~ . 2 0 5 LABEL"FORMA~ 
HORI ZONTAL LINEAR 
I,/ ER T I CAL L I NEAF, 
- 1 . 2 0 5 LABEL . FOR MAT 
HORI ZONTAL LINEAR 
-. 5 -.8 4 LABEL.FORMAT 
-.5 -.8 4 LABE~.FORMAT 
FREOS SUB[ 2 ~ 2048 ] 
POSITIONX FFT ZMAG FSPECTRUM :~ 
FSPECTRUM SUB[ 2 ~ 2048 J 
XY.AUTO.PLOT 
NDF\:I'1AL • COOF~DS 
a LABEL.DIR 0 CHAR.DIR 
.:. . 9 POS :: T I ON " FREOUENC Y SPECTF,UI"1 " L ABEL 
• I' • 05 F'OS I T I O ~\I " FREQUENCY (Hz ) " LABEL. 
2 7 0 LABEL.DIR 0 CHAR.DIR 
.0::::: .90 F'OS I T I ON " F. F • T. l'1AG~j I TUDE " LABEL. 
OUTLINE 
CUF\SOF\ • OFF 
WO RLD.COORDS 
f-,~, '" L 
VERTICAL LINEAR 
-1.2 0 5 LABEL..FORMAT 
HORIZONTAL LINEAR 
-.5 -.8 4 LABEL.FORMA T 
FREQS SUB[ 2 • 51 2 ] 
FSPECTRUM SUB[ 2 • 512 J 
X '{ • AUTO" PLOT' 
AppendIx A 
SHEAR VELOCITY 
df exp . ~1J 
••• CONTENTS OF FILE :GNCV69.EXP(I,',I) .WW (30) AT 11:14:42 ON 1991/09/19 'f. 
PROGRAM SHEAR 
.f.l.f ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
THIS fROG RAM CALCULATES THE BED SHEAR VELOCITY 
••••• t •••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DIMENSION DD(50),Yl(50),YZ(50),Y3(50 ).TUR1(50).TUR2f50),Q(50) 
READ f, ,') N 
DO 12 K = l,N 
READ i5,* ) Q(K),Yl(K).Y2(K).Y3(K),TURI(K ). TUR2(K) 
i2 CONTINUE 
G = 9.9076 
8= O.i 
DO 14 J = l,N 
A = (nr JI' ~ 1 
Al =mr J)' Sj 
AL=('r'3 (Jl' 8) 
;'=f(2.n(J ))+B) 
PI = ((2 'Y2(J))+B) 
P2 = ((2 ·Y3(J))+B) 
R=A/P 
RI=AlIPI 
RZ =R2IPZ 
RR=(R+Rl)l2. 
RB= (R l+R2)IZ. 
U=Q( J)/A 
Vl=Q( J)/Al 
V2=Q(J)/A2 
VA=(V t UIll2 , 
VB=(VI+U2)12 . 
Yl l= (Y2fJI-YI(J) ) 
C Yll=(YlfJ )-Y2(J) ) 
V22 = (fVlfUl )-(V'V))/(Z.IG) 
Y33= m'0 .7071 
YA4= (Y33+V22)/O,3 
SFM = 0.7071 - Y44 
FF = (S'G'RA'SFM1/(UA'UR) 
UU 1 = VA • SQRT( FF lB. ) 
WRITE(6,133) 
133 FORMAT(2X.'FRIe ' .2X. 'RE' ,2X. 'SHEAR VELOCI TY' .2X) 
WRITE(6.· ) FF.RE.UUI 
14 CONTINUE 
EHD 
••• EHO OF FILE CONTENTS ••• 
Appendix B 
FALVEY'S CAVITATION PROGRAM 
'It CONTENTS OF FILE :GNCV6B.LAZ(I,',I ). TRAJ(I) AT 17:02:35 ON 1991/09/ 13 'tl 
EC.l)WRITE(3,lI2)C,DNF,RUG,CHO 
IF (METRIC.EQ .I)WRITE (3,113) 
IF(METRIC .EC .O)RUG= RUG'IOOO . 
IF(METRIC.EQ .O)WRITE(3,l14)Q,DNF,RUG,CNO 
IF(METRIC .EC .O)RUG= RUG/lOOO . 
IF(METRIC.EC.O)WRITE (3,115) 
WRITE (3 ,116) STR,ELINV,SB ,DH,V,D,TOTRL,BETR,AN,M,YN,YC,YB 
NL= HL+l 
C 
6 
7 
L 
C 
8 
C 
C 
C 
r 
~ 
10 
IF(HL .LT.46)GO TO 7 
HL= 0 
WRITE(3 ,11l )( TlTL(ITlT),ITlT=1.60 ) 
IF(METRlC .EC. l)WRITE(3,l13 ) 
IF (METRlC .EC.O)WRlTE(3,lI5 ) 
RERD (2 ,',EHD=62) 1,lS 
GO TO (8 ,9 ,10 .12,14. 11)1 
RECT ANGULAR OR TRAPEZOIDAL CHANNELS 
READ (2,') STA,ELINV,W,SS.BENOR.RUGN 
IF(RUGN .GT .l .E-lO)RUG= RUGH 
WRlTE(l,117)STA,ELINV,W,SS,BENDR,RUG 
CRLL TRAP(DH) 
TLF· 0, 
IF(ABS((WOLO-W)/W).GE ,O,OOI)TLF= 0,1 
WOLD- W 
GO TO 17 
CIRCULA R COHDUITS 
RERD (2,1) STR,ELlNV,R,BENOR,RUGN 
IF (RUGN ,GT .1 .E-lO)RUG= RUGH 
WRITE (l,118)STR,ELlHU,R,BEHOR,RUG 
DI A= 1.99999'R 
IF(IS,EQ .i )OIR= OIA/SQRTfSB'SB+I , ) 
CALL CI RC (OIA) 
TLF: O. 
IF(RBS((ROLD-R)/R) .GE.O.OOl)TLF = 0.1 
ROLO= R 
GO TO 17 
EGG SHAPED SECTIONS 
READ (2 ,')STA,ELIHV,D,BEHOR,RUGN 
IF(RUGN.GT .l. E-lO)RUG= RUGH 
WRITE(l,lIB)STA,ELIHU,O,BEHDR,RUG 
Rl= 012. 
R2= 0 
R3= (1.-SCRT(.32t.32+.S'.5J)tO 
Cl= 012 . 
C2= 0/2 . 
e;= 0.82'0 
r.n Tn " 
Cavitation Program 
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_... ' ''' .. 
C 
C USER DEFINED CIRCULAR ARC SECTION 
11 REAO( 2,I}STA,ELINU,Rl,R',R2,C',C2,BENOR,RUGN 
IF (RU GN,GT,1.E-I0 ]RUG = RUGN 
WR ITE(I,119]STA,ELINU,R2,R3,C3,Rl,C2,BENOR,RUG 
CI= Rl 
0= R2 
GO TO 13 
C 
C HOR SE SHOE SHA PED SECTIONS 
12 RE AO(2,* ]STA,ELINV,0,BENOR,RUGN 
IF( RUGN .GT,I,E-I O]RUG= RUGN 
WRITE(l,118]STA,ELINV,O,BENOR,RUG 
Rl= 0 
R2= ° 
R3= 012, 
Cl= ° 
C2= 012. 
C3= 012, 
13 CALL SECSOL 
OT= 0.9999t (R3 +C 3] 
CALL ARCS(OT) 
TLF= 0, 
IF (ABS((ROLO-O}/O} ,GE. O.OOI)TLF= 0,1 
ROLD= D 
GO TO 17 
C 
C COMPOSITE SECTIONS 
14 READ (Z,t) STA,ELINV,W,R,RAOCL,RI,T,BENOR,RUGH 
IF(RUGH .GT.I.E-IO)RUG= RUGN 
WRITE(I,119}STA,ELINU,W,R,RAOCL,Rl,T,BENDR,RUG 
IF(RADCL ,LT.O . }GO TO 15 
WMIN= (W-T}I2, 
IF(R .GE .WMIN}DT= 0.99999 t (RAOCL+SQRT(Rt(W-T}-0 ,25 t (W-T}t(W-T})) 
IF (R.LT,WMIH}DT= O,99999'(RAOCl+R} 
IF(IS.EQ .l}OT= DT/SQRT(SB'SB+I,} 
GO TO 16 
C IT= 1 IS THE COHDITION FOR A COMPOSITE SECTION WITH NO COVER 
15 OT= lOO,ION 
IT= I 
16 CALL COMP(OT) 
TLF= 0.1 
C 
C COMPUTATION OF REYNOLDS NUMBER 
C 
17 REY= 4 .• HR*(Q/A}/VISC 
C 
C [OMPU TATION OF ATMOSPHERIC PRESSURE 
C 
PASS= 33 .91 (1 ,-ELIHV/ l45400 , }.t5.255-0 .39 
IF(METRIC ,EQ .O)PABS=l O,33 *(1 .-ELINV/4430, . }1'5 ,25'-O.13 
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C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
18 
C 
C 
C 
c 
C 
C 
C 
19 
20 
CHECK TO ENSU RE VERTICRL AC CELERATIONS OF FLO W DO NOT 
INVALIDATE RES ULT S, HR/RUG MUST BE GREATE R THAN 10 , 
IF (ABS(HR/RUG) ,LT ,l O, )GO TO 64 
COMP UT ATION OF MAHNINGS H FROM RUGOSITY 
CA LL RUGOS(CN) 
COMPUT RTION OF BOTTOM SLOPE 
NT= 1 IS THE COND ITION fOR THE FIRST STATION 
IF(NT,EQ ,I)CNO= CN 
IF(NT, EQ, I)GO TO 18 
SBO= SB 
SB= (ELIHV -STOREl)/ABS (SAV E-STA) 
IF(NCURV .EQ,l)SB= -SB 
CHECK FOR MAX IMUM DISCH AR GE IN CLOSED CONDUITS 
IF (I,EQ ,l,OR ,IT,EQ,l)GO TO 24 
QMAX= AfSQRT(ABS(SB))f(HR ff O,66667)/CH 
IF(METRIC,EQ ,l)QMAX= 1,49fQMAX 
DETERMINATION OF DEPTH EQUIVALENT TO MAX FLOW IN CONDUIT 
IF (I, EQ.2)YBI= O,BfDIA 
IF(I ,EQ,3)YBI= C3 
IF(I ,EQ,4 ,OR,I,EQ ,6)YBI= C3+R3/2, 
IF(I,EQ ,5 )YBI= RADel 
IF Q<QMAX, USE THESE VALUES AS INITIAL DEPTHS FOR CRITICAL 
AND NORMAL FLOW DEPTH COMPUTATIONS 
IF(ABS(SB) ,lE, l.E-6)GO TO 24 
IF(Q ,L E,QMAX)GO TO 24 
IF(I,EQ,2)YTOP= 2,IDIA 
IF(I ,EQ ,),OR,I,EQ,4)YTOP= C3+R3 
IF(I,EQ ,5)YTOP= RADCL+R 
IF(I,EQ .6 )YTOP= e3+R3 
eTE= SQRT(ABS(SB))/CN 
IF(METRIC .EQ.l)CTE= 1.491CTE 
DO 23 NTL=1,20 
IBY IS AN INDEX WHICH SHOWS THAT BISTABLE FLOW IS POSSIBLE 
IBY= 1 
GO TO (24,19,20,20,21,20)1 
CALL CIRC(YBI) 
GO TO 22 
CALL RRCS( YB I) 
GO TO 22 
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21 CALL COMP(YB I) 
22 F= QMRX-R*CTE* HR* *O. 66667 
DFDY= -B* CTE*HR tt O.66667-0.66667 t CTE*R*DHkDY/(HR **O .}333}) 
IF(ABS( F/QM RX ). LE.O.OOOl)GO TO 24 
IF (AB S(DFOy).LE .1.E-8 )GO TO 23 
YBO= YBI 
YBI= YBH/DF DY 
IF(YBI .GE .YTOP)YBI= YBO+(YTOP-YBOl/2. 
23 CONTINUE 
C 
C COMPUTATIOH OF CRITICAL DEPTH 
[ 
24 DTR Y= ON 
IF (IBV .EQ.l )D TR Y= VBI 
IBY= 0 
CALL CRI T( YC,OTRY) 
C 
C COMPUTATION OF NORM AL DEPTH 
[ 
IF(C . LE.C~AX)GO TO 25 
IF( ABS(SBl.LE.O .OOOOOl)GO TO 25 
IF(SB .GT .O. )YH= 1000 . 
IF(SB .LT.O . lYH= -1000. 
GO TO 26 
25 CALL HORMAL(YH,DTRYl 
C 
C DETERMIHATIOH OF PROFILE TYPE 
C 
26 IF(VH .LT.VC)GO TO 27 
IF(YH.EQ .YClGO TO 29 
IF(SB .LT .(1.E-10).AHO.SB.GT.(-l.E-1011GO TO 29 
C 
C MILD SLOPE 
C 
AH: ' M' 
IF(OH .GE. YH)M:1 
IF(OH.LT .YH.AHD.OH .GT. YC)M=2 
IF(OH.LE. YC)M:' 
GO TO H 
C 
C STEEP SLOPE 
C 
27 IF (SB .LT .(-l .E-IO))GO TO 30 
AH:'S' 
IF(DH .GE.YC)M-l 
IF(DH .GT .YH.AHD .DH .LT.YC)M=2 
IF(OH .LE. YH)M=3 
GO TO 31 
C CR ITIC AL SLOPE 
r 
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28 AN = '[ ' 
IF( DN.GE.YN) M=l 
IF( DH .LT.YN) M=3 
GO TO 31 
[ 
[ HORIZ ONT AL 
C 
29 AN= 'H' 
IF(DN .GE .YC) M= 2 
IF (ON.LT. YC)M=3 
GO TO 31 
C 
C ADVERS E 
C 
30 AN= 'A I 
Ir :ON. GE.YC) M=2 
IF(DN. LT. ': e)M=3 
c 
C COMP UT ATIONAL LOOP TO D~TERMINE WATER DE PTH 
C 
C 
31 DO 52 J=1,50 
NJ= J 
C 
C COMPUTATION OF DEPTH BY STANDARD STEP METHOD 
C 
C 
C COMPUTATION OF HYDRAULIC PROPERTIES 
C 
GO TO (32,33,34,34,35,34)1 
C 
C HYD RAULIC PROPERTIES FOR RECTANGULAR SECTION 
C 
32 CALL TRAP(DN ) 
GO TO 36 
C 
C HYDRAULIC PROPERTIES FOR CIRCULAR SECTION 
C 
33 CALL CIRC(DH) 
IF(JIC .EQ.1)GO TO 61 
GO TO 36 
C 
C HY DRAUL IC PROPERTIES IN EGG OR HORSE SHOE SECTION 
C 
34 CALL ARCS(DN) 
IF(JIC .EQ .1)GO TO 61 
GO TO 36 
C 
C HYORRULIC PROPERTIES IN CO MP OSITE SECT IOH 
C 
35 CALL COMPt ON) 
IF(JIC .EQ .1)GO TO 61 
C 
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C COMP UT RTION OF FROUDE NUMBER 
C NOTE - THE FROUDE NUMBER IS CORRECTED FOR SLOPE, CU RVRTURE, 
C AND THE ENERG Y CORRECTION FACTOR 
C 
36 IF (NT.GT .1)GO TO 37 
RUN = ABS(STA-STAC) 
IF (RUN .LE.1.E-10)RUN= 0.1 
YB= O. 38IRUN/ (RUN'(Q/A)/VISC)"O .2 
IF (YB .GE.ON)YB= ON 
[CF= O.lf (YB/DN)'(YB/DH)+I. 
37 CF= SQRT(ECF)f(I.+SB'SB)"O.Z5 
IF(ABS(BENDR).LE.1.E-10)GO TO 38 
RDOT= 1.t2.
'
ON/BENOR-A/(B'BEHDR) 
IF ( ROOT . L E .0 . ) W RI T E ( 3 , 131) 
IF(ROOT.LLO . )GO TO 66 
CF= CF'SQRT (ROOT) 
38 F= (Q/A )/ (SQ RT(G'A/B))'CF 
C 
C COMPUTATION OF VELOCITY HEAD 
C 
V= Q/A 
HV= ECF'V'V/(Z.IC) 
REY= 4.'HRI(Q/A)/VISC 
C 
C COMPUTATION OF MAHNINGS N FROM RUGOSITY 
C 
CALL RUGOS(CN) 
C 
HT= TLF'ABS(HV-HIDE1) 
5= (CH'CHfVIV)/(HR
"
1.3333) 
IF(METRIC.EQ .I)S=S/Z.20B 
C 
C COMPUTATION OF PIEZOMETRIC HEAD 
C 
IF(RBS(BENDR).GT.l.E-lO)GO TO 39 
0= DH/SQRT(I.0+SB'SB) 
GO TO 40 
39 0= ON/SQRT(I.0+SBfSB)+2.0fHV fOH/BENDR 
40 IF(HT .GT.l)GO TO 41 
OYDX= (SB-S)/(l.-F'F) 
CHECK= ELINU+HV+D 
GO TO 55 
C 
41 AVGS= (STORE+S)/Z.O 
C 
C COMPUTATION OF HEAD LOSS 
C 
RUN: SQRT((STA-SAUE)'(STA-SAVE)t(STOREI-ELIHV)I(STOREI-ELIHV) 
t ) 
HF=RUNIAUGS 
SUM=HFtHT 
IF(O .LE.(-PABS))O= -PABS 
C Cavitation P(ogram 
(Continued) 
Appendix B 
C COM PU TATION OF ENERGY GRADE LINE 
C 
C 
TOTAL=ELINV +D+HV 
CHEC K= EGL+ SUM 
IF (NCURV,EQ ,l)C HECK= EGL -SUM 
C CHECK ON THE ACCUR ACY OF COMPUTATIONS 
C 
C 
EGLCK= TOTAL-CHECK 
PC TEL= lOO,'((EG LCK) / (ABS(STOREI-ELI NV )+D+HV)) 
IF(ABS (PCTEL ) ,LT,O,OOllGO TO 54 
IF (ABS(PCTE L), LT,O ,1,AND,ABS((DN-YN)IYN),LE ,O,0001)GO TO 54 
IF(ABS(PCTEL) ,GT,O ,1,AHD.ABS((DH-YN)IYN) ,LE ,O,0001)GO TO 53 
C DET ERM INAT IO N OF fLOW DEPTH USING NEWTONS METHOD 
C 
c 
OTOY= 1, / SQRT (1,+SBISB)-2,IHVIB/A 
IF(ABS(BENDR),GT.l .E-lO)OTD Y= DTDY+2 ,*HV/BENDR-
+ 4,tONfHV*B/(AfBENOR) 
DC OY= HFf((2 ,/3, )fDHRDY/HR+B/A)+TLFfHU*B/A 
IF(NCURU,EQ ,O)OCDY· -DCDY 
OEDY' DTDY-DCDY 
DINC, EGLCK/DEDY 
C CHECK TO ENSURE THAT NEWTONS METHOD DOES NOT CAUSE A 
C JUMP ACROSS NORMAL DEPTH DR CRITICAL DE~TH WITH A CONSTANT 
C BED SLOPE, 
C 
C 
If(AN,EQ , 'M')GO TO 42 
IF(AN.EQ, '5')&0 TO 43 
IF(AN,EC,'C')GO TO 44 
IF(AN ,EQ. 'H')GO TO 45 
IF(AN .EQ. 'A')GO TO 46 
GO TO 49 
C MILD SLOPE 
C 
c 
42 IF(M .EQ .l ,ANO .NCURU ,EQ,O)GO TO 47 
IF(M.EQ . l)GO TO 51 
If(M ,EQ.2,AND,NCURU.EQ.O)GO TO 47 
IF(M.EQ ,2)GO TO 49 
IF(M ,EQ ,3,ANO.NCURU .EQ.1)GO TO 49 
GO TO 51 
C STE EP SLOPES 
C 
43 IF(M.EQ,I.AND,NCURU.EQ.O)GO TO 49 
IF(M.EQ, I)GO TO 51 
IF(M,EQ,2 .AND.NCURU.EQ .O)GO TO 49 
IF(M.EQ .2)GO TO 47 
IF( M.EQ,3.AND .NCURU .EC .1)GO TO 47 
GO TO 51 
C Cavitation Program 
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C CR ITICAL SLOPE 
C 
C 
44 IF(M, EQ ,2)GO TO 51 
iF(M ,EC ,I,AND ,NCURV,EQ,O)GO TO 49 
IF(M,EQ,l )GO TO 51 
IF( M,EC,3,AND,NCURV ,EQ ,I)GO TO 49 
GO TO 51 
C HORIZONTAL SLOPE 
C 
C 
45 IF(M,[Q ,1)GO TO 51 
IF (M,EQ,2,AND,NCURV ,[Q ,I)GO TO 49 
IF (M,EQ, Z)GO TO 51 
IF(M ,EQ ,3,ANO,NCURV,EQ,I)GO TO 49 
GO TO 51 
C ADVERSE SLOPE 
C 
C 
46 IF(M ,EQ ,2)GO TO 51 
IF(M ,EQ ,Z,AND,NCURV,EQ,I)GO TO 49 
IF(M,EQ ,2)GO TO 51 
IF(M,EQ,3,AND,NCURV,EQ,I)GO TO 49 
GO TO 51 
C CHECK TO ENSURE THAT NEWTONS METHOD ODES NOT CAUSE A 
C JUMP ACROSS NORMAL DEPTH IF COMPUTATIONS ARE PROCEEDING 
C TOWARD NORMAL DEPTH, IF THE BED SLOPE IS NOT CONSTANT, 
C A JUMP ACROSS NORMAL DEPTH IS PERMITTED , 
C 
C 
47 IF(AN,EQ,'H')GO TO 51 
IF(ABS(SBO),LE,I,E-10)GO TO 51 
IF(ABS(I,-SB/SBO),GE ,O,OOOI)GO TO 51 
IF(ABS(DINC) ,GT,ABS(DN-YN))GO TO 48 
GO TO 51 
48 DINC= ABS(ON-YN)'DINC/(RBS(DINC)'2,) 
C CHECK TO ENSURE THAT NEWTONS METHOD ODES NOT CRUSE A 
C JUMP ACROSS CRITICAL DEPTH IF COMPUTATIONS ARE PROCEEDING 
C TOWARD THE CRITICAL DEPTH , 
C 
C 
49 IF(RBS(OINC) ,GT,ABS(DH-YC))GO TO 50 
GO TO 51 
50 OINC= ABS(OH-YC)*OINC/(RBS(DINC)'2,) 
C INCREMENTAL DEPTH FOR NEXT TRIRL 
C 
r 
51 ON= ON-OINC 
IF(ON,LLO, )DN= (DN+DINC)I2, 
52 CONTINUE 
53 DX=RUH/2,+SRVE 
IF(NCURV,[Q ,O)DX= SAVE-RUH/Z, 
WRITE(3,130)PCTEL 
HL= HL +Z 
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C CH ECK FOR ZERO DEPTH YITH TYPE 3 CUR VES 
C 
54 N3 = 0 
IF( ON,GT,DNO ,ANO,M ,EQ ,3,AND,NCURV ,EQ, O)N3= 1 
IFIN3,EQ,I)WRITE(3,132) 
IF(N3 ,EQ ,1 )GO TO 66 
C 
C COMPU TATION OF ENERGY GRADE LINE AT BEGINNING OF 
C BOU ND ARY LAYER 
C 
IF (NT ,EQ,2)EGLBlz ((EGl-TOTAl) / (STA-SAVE) )'ISAVE -S TA C) +EGL 
C 
C COMPUTATION OF BOUNDARY LAYER THICKNESS 
C 
55 IF(NT, EQ , I)GO TO 57 
IF(NC UR V, EQ ,1)5UMRUN= SUMRUN+RUN 
IF (NCURV ,EQ,O )SUMRUN= ABS(STA-STAC) 
IF(ABS( SUMRUNj, LE ,O,Ol)5UMRUN=O ,Ol 
IF(NCURV,EQ,l) YB= YB+O,3B'RUH/(5UMRUN- V/VISC)'.O ,2 
iF(HCURV ,EQ ,O)YB= O,3S
'
SUMRUN/(SUMRUH'V/VISCI
"
O,2 
IF(YB,GE,OHIYB= ON 
IF(YB,LE ,I,E-IO)YB= ON/IOO , 
ECF= O,I' (YB/ON)'(YB/ON)+I ,O 
IF(YB ,GE. (0, 95 1 0N) )THEN 
c 
C COMPUTATION OF AIR CONTENT WITH OPEN CHANNEL FLOW 
C 
IF(SB,GE,Q,)THEN 
ALPHA= ATAN(SB) 
YE= AlB 
E=(RHO'G'YE'YE)/SURFT 
C= 0,Q5'F-SQRT(SIN(ALPHA)'E)/63 
IF(C ,LT.O ,IC= 0, 
IF(C,GE ,O,74)C= 0,74 
ELSE 
C= 0, 
ENDIF 
BETA= C/ ( 1. -C) 
ELSE 
BETA= 0, 
ENOIF 
C 
C WRITE OUTPUT 
C 
WRITE (3,116) STA,ELINV,SB,DN,V,O,CHECK,BETR,AN,M,YH,YC,YB 
IF (I,EQ , 1,OR,IT,EQ,I )GO TO 56 
IF(Q,LE ,QMAX)GO TO 56 
IF(ON,GE,YBIIWR ITE(3,120 ) 
IF (ON,GE ,YB I)NL= Nl+l 
56 NL= NL+I 
C 
Cavitation" Program 
(Continued) 
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C CHECK ON SP ACING OF STATIONS 
C (THIS KEEPS ER ROR IN DEPTH TO LESS THAN I-PERCENT) 
C 
OYOX= (SB-5)/(1.-F*F) 
IF (DYDX.LE.l.E-10)GO TO 57 
ERRY= IOO.IO.5 1 (RUN/ONO)*(RUN/ONO)IABS((SB-5TORE)/( 
t (1.-FRUDO' FRUDO)t(1.-FRUDOIFRUOO) )'( lO ./3.' STORE-3.'( SB-STOR E) 
t .FRUDO.FRUOD/ (l.-FRUOO.FRUOO))) 
IF (ERRY .LT.l .0)GO TO 57 
OX= RUNI2.+SAVE 
IF(NCURV.EQ.O)DX= SAVE-RUN/2. 
WRITE(3,121)ERRY,DX 
NL= NL+2 
c 
C CHECK ON CAVITATION FORMATION 
C YB=BOUNOARY LAYER THICKNESS 
C SIC= CAVI TATION POTEHTIAL OF FLOW 
C SIGR= CAVITATION POTENTIAL OF DISTRIBUTED ROUGHNESS 
C N5L= REQUIRED CHAMFER TO ELIMIHATE CAVITATIOH 
C 
C 
57 DNO= ON 
FRU DO= F 
SIC= 2.'G'(PABS+D)/(VIV) 
IF(SIG .LE .l.E-lO)SIG=l.E-lO 
SIGR= 32.*G 'CN*CN/HR 11 0.33333 
IF (M ETRIC .EQ.l)SIGR= SIGR/2.20B 
IF(SIGR.GE .SIG)SIG= SIGR 
COMPUTATION OF REQUIRED CHAMFER 
HSL= IHT((1.8/SIG)"l .43)+1 
C DAMAGE POTENTIAL 
C 
r 
CALL OAMPOT( YB,U,D,SIG,PABS) 
IF(NJ.GE.50)GO TO 63 
Cavitation Program 
(Continued) 
Appendix B 
C SRVING OF OATA IN RR RAYS FOR PLOT 
NOp: NT +NS '( NOPLT-l) 
IF(NOPLT ,GT ,l)GO TO 58 
YELE U(NOP)= ELINU 
XST R( ND P)= STR 
58 YD(NOP )= 0 
YBL(HOP)= VB 
YON (HOP)= ON 
YSIG(NDP)= SIG 
RSIG(HOP): SIGR 
HCMFR(NDP)= NSL 
YDPl(NDP)= DPI 
YDPZ(HDP) = OPZ 
VDP3(HDP)= DP3 
YOP4(HDP)= ON 
YDP5(HDP)= DP5 
YDP6(HOP)= DP6 
QP(NOPLT)= Q 
C EHERGY BALAHCE HOT REACHED 
IF(NJ,GE ,5 0)GO TO 63 
59 CONTINUE 
WRITE(3,133)EGLBL 
C WRITE CAVITATION CHARACTERISTICS 
C 
WRITE(3,lll)(TITL(J),J=l,60) 
IF(METRIC ,EQ ,1)WRITE(3,112)Q,OHF,RUG,CHO 
IF(METRIC ,EQ ,O)RUG= IOOO,f RUG 
IF(METRIC ,EQ ,O )WRITE (3,114)Q,OHF,RUG,CHO 
IF(METRIC,EQ,O)RUG=RUG/ I000, 
It. EHD OF FILE COHTENTS ttt 
Appendix C 
GLASGOW AIR FLOW MEASUREMENT OAT A 
TABLE C.1 50 smooth - 180mm gate opening 
01 scharge Op~~l,tng ~~~~e nO~~~pNo ~rl~i~p at~~~~ Channfl Jet Length .. h .. h / h ~He flow a'P7~~ I ~~ ~:m 
Q .. (m'/' ) Yc ( an) It VI/gh, V (1I1/s) h, (alii) B/ h , L (aD) (aft) Q. (11'/1 ) o - Qa / Qw 
0 . 02 180 5' 12 .7 6 . B9 29 . a 3 44 620 0 . 0 0 .0 O. 0053 0 . 266 
slllOoth 540 4 . JJ 0 . 14 0 .00183 0 . 191 6 
500 8 . 66 0 . 298 0 .0027 0 . 1) 5 
0 .038 180 5' 8 . 89 6 . 66 57.2 1 . 74 680 0 .0 0 . 0 0 .0080B 0 . 21 2 
590 B. 66 
.lIIOoth 0 . 151 0 .005 5 0 . 145 
520 lB .66 0 . 126 0 .002 75 0 .072 
0 . 052 180 5' 7 . 89 6 .84 76 . 5 1 .3 BOO 0 . 0 a 0 0 .008B 0 . 169 
6BO 12 .0 0 . 156 0 .0060 I 0 . 11 5 smooth 
600 24 .66 0 . 32 0 .0029 5 a OH 
TABLE C.2 50 smooth - 90 mm gate opening 
Oi scharge Op~~~~ng ~~g~e nO~~~pNO Veloci IV at 11~~~ Channr' Jet Length .. h .. h / h ~H.rlo" .H ~~~.~~ at ramp' mT& 
Q", ( m' / ' ) Yc ( aft ) It VI/gh, V (m/s) h, (an) B/h, L (aD) ( non) 0- (m'/' ) o - Q. / Qw 
410 16 . 66 0 .62 No - Air 
0.018 90 5' 14 . 09 7.05 25.5 3 . 92 570 0 .0 0 .0 0 .005U 0 . 29 1 
slIIOoth 500 4 .0 0 .15 0 . 0011 0 . 183 
460 B. 33 0 . 314 0 . 00208 0 . 115 7 
0.033 90 5' 9 . 9 6 .87 48 . 3 2 .07 660 0 .0 0 .0 0 . 00705 0 . 213 
smoot h 590 7. 3J 0 . 151 O. 00533 0 . 161 
510 14 . 66 0 . 303 0 .00303 0 . 091 
0 .048 90 5' 8 . 35 6 . 9 69 . 5 1. 43 BOO 21. 3J 0 . 299 0 . 009 5 0 . 197 
smooth 700 12 . 0 0 .607 0 . 00)91 O. OBI 
600 B6.6 7 1.18 0 .00032 0 . 06 
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TABLE C,3 50 smooth - 60 mm gate opening 
Di scharg. Op~~Mng ~~~e ~ro~UpNO ~fi~~~p at~~~ Channfl Jet Lensth ... h .o.h/ h ~!r.flo .. .'~~~~t~~ ~:m 
Q .. ( DI' / s ) Yc ( lID ) 4> V//gh , V (m/ s) h , (aD ) B/ h , L (ao ) (OlD) 0. ( m' / s) B - Qa/Q .. 
460 9 . 33 0 . 40S No - Ai r 
O. OIS 60 50 IS .7 7. 14 21. a 4 . 76 S40 0 . 0 0 . 0 0 . 0050 0 . 33 3 
480 2 . 33 0 . 101 0 . 003 0 .2 
slDOOth 
410 4 . 667 0 . 202 0 . 0021 0 . 14 
0. 028 60 50 11 . 17 7. a 40 . 0 2 . 5 
470 35.3 0 . 861 No - Ai r 
800 7. 33 0 . 178 0.004 5 0 . 16 
smooth 
6S0 14 . 66 0 . 357 0 .0028 0 . 1 
0 . 037 60 5 ' 11. 59 7. 87 47 . 0 2. 12 500 70 . 0 I. 48 No - Ai r 
smooth 810 28 . 0 0 . 59S 0 . 0022 0 . 042 
600 53 . 33 1 . 134 0 .0009 0 . 027 
TABLE C.4 2 0 smooth - 180mm gate opening 
Di schars· Op~~~fng ~~g~. ~ro~~~pNO ~ti~~~P' at~~~~ Channfl 
'1m Jot Length 
... h ... h/ h ~H.flo .. hUo of 
alr./ water 
Qw (DI ' / $ ) Yc ( aD ) 4> V/ /gh, V (m/ s ) h , ( II1II ) B/h, L ( an ) ( OlD ) 0. ( DI' / s) B - Qa/ Q .. 
75 220 7. 33 No - Air 
0 . 02 180 2· 12 . 27 6 .6 6 30 . 0 l.33 
340 0 .0 0 . 0 0 .005 75 0.28 7 
210 55 
smooth 
0 . 14 0 .0045 0 .225 
185 110 0 . 298 O. 00388 0 . 194 
0 . 038 180 2· I. 75 465 0 . 0 0 . 0 0 .0088 0 . 23 2 8 . 9 6 . 66 57 . 0 
370 13 .0 
smooth 
0 . 22 0 . 0036 0 .094 
210 26 . 66 0 . 46 0 .0021 0 . 05 5 
0 . 052 180 20 7 . 92 6.84 76 . 0 I. 31 560 0 . 0 0 . 0 0 . 0121 0.23 2 
slll'ftOth 490 20 .2 0 . 265 0 . 0055 0 . 105 
425 40 .44 0 . 532 0 .0037 0 . 071 
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TABLE C.S 2 0 smooth - 90 mm gate opening 
Discharge Op~~Mng ~~gf. nO~~~pNO ~rl~~~y .t~~~ Chan"r l ~m& Jet Lensth bh .. h / h ~H. flo" .,:>~~,~~ 
Qw (m'/ s ) YC (DID) <I> VIIgh, V (OIls ) h , <DID) 8/h , L (aro) (am) 0. ( m'/ l) 8 - Q./ Q .. 
100 83 . 37 3 . 11 No - Air 
0.018 90 2· 13 . 08 6.71 26. 8 ,. 73 340 0 .0 0 .0 0 . 0048 0 . 266 
smooth 260 21.667 0 .808 0 .00188 0 . 104 
230 41. 667 1 . 555 0 . 00122 0 . 067 
80 150 3 . 125 No - Air 
0.033 90 2· 10 . 01 6 . 87 48 . 0 2. 08 
390 0 .0 0 .0 0 .00654 0 . 198 
240 38 . 3J 
smooth 
0 . 79 0 .0027 0 . 081 
200 76 . 667 1 . 59 0 . 00158 0 . 047 
75 166 . 66 2 . 34 No AI r 
6.85 70 .0 1 . 428 400 0 .0 0 .0 0 . 00 71 0 .047 0 .048 90 2· 8.26 
250 41 . 667 
smooth 
0 . 586 0 .00308 0 . 064 
210 83 . 33 1 . 17 0 . 001 5~ 0 .032 7 
TABLE C.6 2 0 smooth 60 mm gate opening 
Discharge op~~~!ng ~~gf. ~rO~~~pNO ~rl~~~V at~~~ Chan"r l Hrt& Jet Length 
.. h .. h/ h ~H.flo .. aW~~t~~ 
Qw ( m'/ s ) YC ( DIll) <I> VIIgh, V (m/ s) h, ( DIll) 8/h , L ( .... ) (II1II) Qa (m'/s) a - Qa/Q. 
90 93 . 3 4 .05 No - A I r 
0 . 015 60 2· 15 . 73 7.14 21. 0 4 . 76 350 0 .0 0 .0 0 .0042 0 . 28 
smooth 260 23 . 3 1.01 0 .001 5 0 . 1 
220 46 . 67 2 .03 0 .0006 0 .04 
78 206.66 5 . 1 No - A I r 
0.028 60 2· 10.96 6 . 91 40 . 5 2 . 469 370 0 .0 0 .0 0 .00629 0 . 22 
smooth 220 51 . 66 1. 27 0 .001 5 0 . 1 
190 103 . 33 2 . 55 0 .00109 0 .038 
0 .037 60 2· 11 . 3 7.74 47 . 8 2 .09 410 0 .0 0 .0 0 .0071 0 . 19 
smooth 290 48 . 8 1 .02 0 .0038 0 . 102 
220 85 . 5 1 .8 0.0028 0 . 07 5 
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TABLE C.7 100 smooth - 180mm gate opening 
Olscharg~ Op~~~tng ~~~\'~ nOV~~pNo ~rlpi~p' at~~~ Channfl Jet Length .. h .. h/ h ~H.rlow .m~Mf ~mg 
Q .. (m'/s) Yc (mm) 4> V/J"h , V (m/s) h, (mm) B/h , L COIn) (DID) Q. (m'/s) B - Q./Q .. 
0 .02 180 10· 12 . 27 6.66 30 .0 3.33 1150 8 . 66 0 . 28 No - Air 
smooch 1500 0 .0 0 . 0 0 .01 0 . 50 
1300 4 . 33 0 . 143 0.008 2 0 .41 
0 .038 180 10· 8 . 68 6 . 55 58 . 0 1 .72 1250 21. 33 0 . 267 No - AI r 
smooth 1600 0 . 0 0 .0 0.011 0 . 29 
1450 10 . 66 0 . 13 2 0 .008 55 0 . 225 
TABLE C.S 100 smooth - 90 mm gate opening 
Olsch.r,,~ ~~~tng ~~~\'~ nOV~~pNO nl?i~p' at~i~~ Channel Jet L.n"th .. h .. h/ h 'H~ rlow iHlo of urtg t a. r/wattr 
Q,.. (m'/s ) Yc Can) ¢ V/Jgh, V (m/s) h, (DID) B/h, L (l1li ) (- ) Q. (m'/s) i3 - Q./Q. 
1100 7. 333 0.27 No - Air 
0 . 018 90 10· 1550 0. 0 0 .0 0 .0101 0 .56 12 . 9 6 . 66 27.0 3 .7 
smooch 1400 3. 667 0 .133 0 .00894 0 .49 7 
1240 9. 33 No - Air 
0 . 033 90 10· 9.6 6 . 7 49 . 2 1700 0 .0 2. 03 
0 .0 0 .0101 0 .489 
smooch 1550 4 . 667 0 .094 0 .0077 0. 23 
1460 8 . 1 0 . 166 0 .007 0 . 21 
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TABLE C.9 10 0 smooth - 60 mm gqte opening 
Oischarg~ Op~~~fng ~~W~~ no~i~pNo ~r l~iJ,~Y a t~~.l,~ Ch.nnr I Jet L.ngth Ah Ah/ h ~H.r lo .. a '~HM~ ~: rfg 
Q .. ( m' / s ) Yc (an ) 4> Vllgh , V ( m/s ) h, ( IIID) B/ h, L ( DID ) (an ) Q. (1D '/s ) B - Q./Q .. 
1300 6 . 0 0 . 26 3 No - At r 
0 .015 60 10 0 13 . 89 6 . 57 22 . 8 4 38 1600 0 .0 0 .0 0 .0105 0 . 70 
smooth 1400 3 .0 0 . 131 0 .00782 0 . 52 
0 .028 60 100 10 .75 6 .82 41. 0 2 . 44 1580 6 . 66 0 . 16 2 No - Ai r 
smooth 1720 0 .0 0 .0 0 .011 0 . 39 
TABLE C.lO 50 rough - 180mm gate opening 
01 scharg~ Op~~~tng ~ftW~e nO~~~pNO ~fl~i~~Y at~~.l,~ Channfl Jet L.ngth Ah Ah/ h ~H e flow . ~mM~ nrt& 
Q .. (m' / s ) Yc (an) 4> Vllgh, V (mi ') h, (am) B/h, L (an) (an ) Q. ( DI '/s) Il - Q. / Q ... 
300 80 . 66 2 . 57 No - Ai r 
3 . 09 540 0 . 0 0 . 0 0 .0106 0 . 531 0 .02 180 50 10 . 99 6 .1 9 32 . 3 
460 20 .0 0 . 638 0 . 006 6 0 .33 
roul\h 
350 40 .0 1.27 0 .00444 0 . 222 
0 .038 180 1. 38 630 0 .0 
0 .0 0 .0148 0 . 392 50 8 . 51 6 .48 59 .0 
540 13 . 33 0. 225 0 .0055 0 . 144 
rough 
500 32 .0 0 . 542 0 .00398 0 . 104 
0 . 05 2 180 50 730 0 .0 0 .0 
0 . 01 91 0 . 368 
7 . 47 6 . 58 79. 0 1 .26 
rough 61 0 23 . 33 0 . 29 5 0 .014 5 0 .28 
580 46 .66 0 . 59 0 .00 5 0 . 096 
Appendix C 
TABLE C.tl 50 rough 90 mm gate opening 
Dlscharg. Op~~~ing ~~~f. ~ro~~~pNo ~rl~i~p at'1~~~ Channrl Jet Length ... h ...hl h ~!r.rlo .. am~M{ Hm 
Q .. ( '"' I s ) Yc (OlD ) 4> VI/gh, V (mi l) h , ( ... ) Blh, L (oa) (DIll) Q. ( 10 '/1 ) a - Q./Q .. 
)70 18 . 66 0 . 67 No - A I r 
0 . 018 90 5 ' 12 .07 6 . 36 28 . 3 3. 53 470 0 .0 0 . 0 0 . 011 0 . 61 
rough 450 4 .0 0 . 146 0 .0094 0 . 52 
430 8 . 33 0 . 30 5 0 .0071 0 . 394 
400 51. 33 1. 04 No - Ai r 
0. 033 90 5' 9.8 6 . 73 49 . 0 2 .04 480 0 .0 0 .0 0 . 012 0 . 363 
rough 450 16 . 66 0 . 34 0 .0045 0 . 136 
430 25 .0 0 . 51 0 .003 2 0 . 09 69 
41 0 120 . 0 1. 6~ No - Ai r 
0 . 04 8 6. 76 71. 0 1 .408 51 0 0 .0 0 .0 0 .018 8 0 . 39 90 5 ' 8 . 09 
480 40 . 0 0 . 54 0 . 01 05 0 . 21 
rough 
46 0 60 .0 0 . 82 0 .009 0 . 180 
TABLE C.l2 50 rough - 60 mm gate opening 
Dlscharg' Op~~~!ng ~~~f. nO~~pNO ~tl~iW' at '1~~~ Chann, I Jet Length ... h "h/ h ~!r.fl o .. .'~ 7~~t~~ mT8 
Q .. ( DI' / s ) Yc (oa) 4> VI/gh , V ( .. II) h, <_) Blh, L ( DIll ) (DIll ) Qa em'I' ) 13 - O. I Ow 
370 13 . 33 0 . 555 No - AI r 
470 0 . 0 0 . 0 0 .011 33 0 . 75 0 . 01 5 60 5 ' 13 .43 6 . 25 24.0 4 . 16 
440 4 .00 0 . 166 0 .011 0 . 73 
rough 
410 6 .66 7 0 . 277 0 .008 2 0 . 544 
400 44 .6 1. 04 No - AI r 
0 .028 60 5' 560 0 .0 0 . 0 0 .011 77 0 . 42 10 .49 6 . 71 41 . 7 2. 39 
roush 520 25 . 33 0 . 59 0 .0051 0 . 18 2 
460 33 . 33 0 . 78 0 .0041 0 . 146 
330 33 . 33 1 . 98 No - AI r 
0 . 037 60 5' 10 . 88 520 0 .0 0 . 0 0 .0118 3 0 . 32 7. 55 49 .0 2 .04 
roush 420 66 .66 0 . 595 0 .0064 0 . 17 
400 76 . 67 1 . 134 0 .00 57 0 . 15 
